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Abstract
We evaluated if  total mercury (THg) concentrations o f keratin-based and bone-based tissues can predict 
THg concentrations in skeletal muscle, renal medulla, renal cortex, and liver. The THg concentration in 
matched tissues o f 65 red foxes, Vulpes vulpes, from western Alaska was determined. Hair THg 
concentration had a significant positive correlation with liver, renal medulla, renal cortex, and muscle.
The THg concentration is moderately predictive of THg concentration in the renal cortex and liver for 
these foxes based on R2 values (R2 = 0.61 and 0.63, respectively), but was not moderately predictive of 
THg for renal medulla R2 = 0.50 and muscle R2 = 0.39. Bone is weakly predictive o f THg concentration 
in muscle (R2 = 0.40), but not a reliable tissue to predict THg concentration in liver (R2 = 0.24), renal 
cortex (R2 = 0.35), or renal medulla (R2 = 0.25).These results confirm the potential use o f trapped 
animals, specifically foxes, as useful Arctic sentinel species to inform researchers about patterns in THg 
levels over time as industrialization o f the Arctic continues.
Stable isotope analysis was also performed on the same red fox tissues from the first study. We examined 
stable carbon (S13C) and nitrogen isotopes (S15N) to 1) examine the lipid extraction process, 2) evaluate 
carbon and nitrogen correlations among tissues to establish stable isotope values for modern northern wild 
fox populations, 3) describe the C:N ratios in males and females, 4) establish trophic positions o f free- 
ranging northern red foxes, and 5) to relate the wild red fox trophic level to potential mercury 
biomagnifications reported in a previous study. Hair, bone, muscle, liver, renal cortex and medulla tissues 
o f the red fox were isotopically significantly different from each other. We found evidence that the 
Western Alaska red fox was eating a different diet based upon a lower trophic position than red foxes 
from other northern areas. We concluded that stable isotope data can help explain mercury concentration 
levels influenced by seasonal diet changes of the Alaska red fox.
In our third study, we took a forensic approach to look at the health and dietary indicators in museum 
preserved bone o f red (Vulpes vulpes) and Arctic foxes (Vulpes lagopus) from the Yukon Territory in 
Canada. This study attempts to 1) measure the mercury (THg) concentration levels, 2) estimate a diet 
using carbon stable isotopes (S13C) and 3) establish a trophic level using nitrogen stable isotopes (S15N), 
from bones o f these sentinel species. This study examines two Arctic foxes and three red foxes of 
unknown age and origin. Yukon Territory Arctic foxes THg concentrations were 0.017 and 0.025 mg/kg. 
The red foxes THg concentrations were 0.010, 0.036 and 0.073 mg/kg. The S13C levels were -21.13%o and 
-21.36%o for Arctic foxes and -20.05%o, -20.08%o, and -23.12%o for red foxes. Their S15N levels were 
5.59%o and 7.22%o for the Arctic foxes and 6.10%o, 6.57%o and 6.66%o for red foxes. These Arctic and red 
Yukon Territory foxes indicate a trophic level similar to Arctic terrestrial omnivores.
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General Introduction
A major issue affecting ecosystems globally is climate change. These changes impact animal populations 
and vegetation. Most omnivore animals consume more than one kind o f prey, and each prey uptakes 
energy and nutrients as they move through their ecosystem. The red fox, Vulpes vulpes, is an opportunistic 
omnivore who inhabits most ecosystems across the Arctic and sub-Arctic; and thus can be affected by this 
changing environment. The Alaskan ecosystem with it’s changing weather patterns and increase of 
industrialization and mining activities that release contaminants such as mercury into the environment, 
can upset an animal’s food source (Gerlach et al., 2006). These type o f changes could have an impact not 
only on the health o f the ecosystem but also the health o f the animals. Since the red fox consumes 
different prey from multiple and overlapping food chains, this research focuses on the association 
between diet and total mercury (THg) concentration in a Western Alaskan red fox population. The goal of 
this study is to identify toxicant and stable isotopes in multiple tissues o f the fox in order to validate the 
use of hard and keratinized tissues for temporal and regional monitoring. Therefore, this “One Health” 
research study uses keratinized tissue (hair) and bone (femur) as markers to predict THg concentration 
levels and stable isotope ratios o f S13C and S15N in soft tissues (kidney, liver, and muscle) in the red fox 
while accounting for age and sex.
Forensic toxicology and feeding ecology, as indicated by stable isotopes o f S13C and S15N, represents an 
interdisciplinary approach that integrates principles o f biology, chemistry, forensics, anthropology, 
physiology and biomedicine. This research leads to information about feeding ecology and related 
toxicant exposure o f a key sentinel species and can be applied to other keystone species. The association 
between feeding ecology and contaminant concentrations will be explored in the context o f climate 
change.
Wildlife sentinels can be used as a proxy to monitor both ecosystem health and as a proxy to monitor 
health in Alaskan Natives and other subsistence users. Since patterns of Alaskan Native health and diet 
have shifted from a complete subsistence diet in pre-contact circumpolar populations to post-contact 
conditions that include “Western” foods for indigenous circumpolar populations (Coltrain et al., 2003; 
Fogel et al., 1997; Richards et al., 2003), along with social, cultural, and ecological changes, these health 
issues have become increasingly important in biomedical research (Meier-Augenstein and Fraser, 2008; 
Sephton et al., 2007). Therefore, to identify and understand dietary changes through time, it is necessary 
to understand the pathways in which fundamental changes in food systems occurs (Kellner and 
Schoeninger, 2007; McCutchan et al., 2003; Tykot, 2004). Changes in food ecosystems that influence an 
individual’s diet, can also strengthen or weaken an individual’s physical well-being and impact the health 
o f individuals and communities (Loring and Duffy, 2011; Loring and Gerlach, 2009; Tykot, 2004; Wang 
et al., 2009).
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The use o f keratinized tissue, hair, is a non invasive approach for research and has been shown to be 
affected by season, infection, psychological stress, nutrition and genetics (Engel et al., 2010). Studies 
usually focus more on keratinized tissues from marine and aquatic biota, yet information on contaminant 
levels in terrestrial wildlife’s keratinized tissues in circumpolar regions is less abundant (Gerlach et al., 
2006). This keratinized tissue will be a good measurement not only for the health o f the mammal through 
stable isotope studies but also as a temporal biomarker to evaluate potential effects and predict toxicants 
in soft tissues (Dietz et al., 2011; Holm et al., 2010). Predicting soft tissue concentrations could prove 
valuable in making stable isotope and toxicological assessments and move this effort beyond 
“monitoring” to data based adaptive management.
Few studies have included bone (Doyle, 1979) to predict toxicant levels in soft tissue from the Arctic, 
specifically Alaska (Keenleyside, 1998; Lobedell and Dekin, 1984). Bone plays a unique role in the 
pathway o f pollutants and can be easily sampled and archived. Many toxicants are actively absorbed in 
bone mineral and then released later during the normal process o f bone remodeling (McGowan, 1996). 
Toxicants can have both a direct effect on the bone itself and a latent effect on other organ systems when 
toxicants are released from bone long after initial exposure. Since bone collagen has a slow turnover 
period (Tieszen et al., 1983), we used it in our stable isotope research to infer red fox lifetime diet.
In the majority o f the literature, the kidney is digested whole, both cortex and medulla together (Bilandzic 
et al., 2010; Cybulski et al., 2009; Dietz et al., 2000; Dip et al., 2001; Gutieb et al., 1998), before analysis 
o f toxicants or freeze-dried and homogenized for stable isotope studies. Therefore, an innovation o f this 
approach is separating the renal cortex from the medulla and analyzing each component of the kidney 
individually. Different structures in the kidney perform different functions and these different structures 
can accumulate toxicants at different rates and amounts (Aukland, 1989; Reidy and Rosenblum, 2009). 
Data from the fox indicates cortex has consistently higher THg concentration than medulla (~3:1) and this 
is an important consideration for monitoring and determining potential adverse effects (Dainowski et al., 
2015).
The first approach is investigating forensic wildlife toxicology as it plays an important role in providing 
information about the biological effects o f contaminants in the environment. Contaminants may have 
adverse effects on both wildlife and humans and, in many cases, may bioaccumulate and biomagnify. 
Understanding how contaminants move through food webs is imperative since a variety of terrestrial and 
marine wildlife serve as subsistence food for indigenous populations. We use a forensic approach for 
assessing THg concentrations over time (millennia) based on museum samples and use this information as 
a foundation for future assessments o f THg in food webs (Murray et al., 2015). Therefore, Chapter 1 
evaluated if  total mercury (THg) concentrations o f keratin-based and bone-based tissues can predict THg 
concentrations in skeletal muscle, renal medulla, renal cortex, and liver. The THg concentration in
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matched tissues o f 65 red foxes, Vulpes vulpes, from western Alaska was determined. Hair THg 
concentration had a significant positive correlation with liver, renal medulla, renal cortex, and muscle.
The THg concentration for males and females is moderately predictive o f THg concentration in the renal 
cortex and liver for these foxes based on R2 values (R2 = 0.61 and 0.63, respectively). Bone is weakly 
predictive o f THg concentration in muscle (R2 = 0.40), but not a reliable tissue to predict THg 
concentration in liver (R2 = 0.24), renal cortex (R2 = 0.35), or renal medulla (R2 = 0.25). These results 
confirm the potential use o f trapped animals, specifically foxes, as useful Arctic sentinel species to inform 
researchers about patterns in THg levels over time as industrialization o f the Arctic continues.
The second approach analyzes the same five tissues for stable isotopes ratios o f carbon (S13C) and 
nitrogen (S15N) to provide a feeding ecology assessment since THg concentrations often vary based on 
trophic interactions. Because THg can bioaccumulate and biomagnify, S15N is used to assess trophic level 
and S13C is used as markers o f regional variability o f marine vs. terrestrial prey for the red fox. Thus, 
Chapter 2 is the first study to analyze stable carbon and nitrogen isotopes in various tissues from one 
population o f wild free-ranging red foxes (Vulpes vulpes) in Western Alaska for 1) to describe the C:N 
ratios in males and females, 2) to evaluate carbon and nitrogen correlations among various tissues with 
the objective o f improving the baseline o f stable isotope values for current wild fox populations for 
comparison with museum collections, 3) to relate the wild red fox trophic level to potential mercury 
biomagnifications reported in a previous THg study with the same red fox population. Hair, bone, muscle, 
liver, renal cortex and medulla tissues of the red fox were isotopically different.
The third approach uses forensic research to look at the paleo-health (mercury) and paleo-dietary 
(isotopes) indicators in preserved museum bone collagen o f the red (Vulpes vulpes) and Arctic fox (Vulpes 
lagopus), from Yukon Alaska. With climate changes affecting ecosystems in the Arctic, it is important to 
establish a baseline for toxicants and stable isotopes in order to predict any future changes that may affect 
not only wildlife health but that o f the indigenous populations. In Chapter 3, we use the techniques from 
the previous two studies to 1) establish information on reconstructing a diet using carbon stable isotopes 
and 2) establish a trophic level using nitrogen stable isotopes, for these sentinel species. Because o f the 
small sample sizes, two red fox bones, and three Arctic fox bones, as well as different bones (i.e. femur, 
tibia, mandible) being analyzed, and no indication o f the sex o f the foxes, it is not o f any value to do any 
kind o f statistical analysis. We did, however, present both THg and stable isotopes means and standard 
deviations to get a visual only perspective on what a diet might look like. The diet o f the two Arctic foxes 
and two o f the red foxes from the Yukon Territory Fossil Collection tend toward a salmon migration diet, 
and the third red fox toward a terrestrial mammal diet. The trophic levels indicate these red and Arctic 
foxes from the Yukon Territory are similar to omnivores, tending toward a slight salmon diet.
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Chapter 1: Hair and bone as predictors o f tissular mercury concentration in the Western Alaska red fox,
Vulpes vulpes1
1.1 Abstract
We evaluated if  total mercury (THg) concentrations o f keratin-based and bone-based tissues can predict 
THg concentrations in skeletal muscle, renal medulla, renal cortex, and liver. The THg concentration in 
matched tissues o f 65 red foxes, Vulpes vulpes, from western Alaska was determined. Hair THg 
concentration had a significant positive correlation with liver, renal medulla, renal cortex, and muscle.
The THg concentration for males and females is moderately predictive o f THg concentration in the renal 
cortex and liver for these foxes based on R2 values (R2 = 0.61 and 0.63, respectively). Bone is weakly 
predictive o f THg concentration in muscle (R2 = 0.40), but not a reliable tissue to predict THg 
concentration in liver (R2 = 0.24), renal cortex (R2 = 0.35), or renal medulla (R2 = 0.25). These results 
confirm the potential use o f trapped animals, specifically foxes, as useful Arctic sentinel species to inform 
researchers about patterns in THg levels over time as industrialization o f the Arctic continues.
1 Dainowski BH, Duffy LK, McIntyre J, Jones P. 2015. Hair and bone as predictors o f tissular mercury
concentration in the Western Alaska red fox, Vulpes vulpes. Sci. Total Environ. 15 (518-519), 526-533.
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1.2 Introduction
Globally, mercury (Hg) is a naturally occurring element found throughout the environment in air, water, 
and soil. It exists in several forms: elemental (metallic mercury), inorganic (mercuric chloride) and 
organic (methylmercury) compounds (Clarkson and Magos, 2006). It is released into the atmosphere and 
water by volcanic activity, weathering o f rocks; and, anthropogenic mercury is through industry emissions 
from agriculture, manufacturing, and mining (Bilandzic et al., 2010; Clarkson, 1997; Clarkson and 
Magos, 2006; Kalisinska et al., 2012). In ecotoxicological studies, total mercury (THg) is mainly 
determined as the sum o f organic (mostly as methylmercury) and inorganic mercury (Eisler, 1987). Many 
organisms are exposed through the food web and are sensitive to the effects o f mercury, especially
monomethylmercury (MeHg+) (Brookens et al., 2008; Dietz et al., 2009). The degree o f food web
biomagnification o f MeHg+ depends on dietary patterns, as well as age and sex (Bilandzic et al., 2010; 
Clarkson and Magos, 2006; Cumbie and Jenkins, 1974; Knott et al., 2011a; Wren, 1986).
With increased release o f Hg into the environment and potential methylation, tissue concentrations in 
foxes will likely increase; therefore, it is important to continue biomonitoring Hg concentrations in 
terrestrial ecosystems over time in medium-sized carnivore mammals especially ones that are numerous 
and widely distributed ones like the red fox (Dunlap et al., 2007). Mercury methylation occurs in aquatic
environments and MeHg+ is absorbed mainly from the gastrointestinal tract o f some organisms and then 
distributes to and accumulates in some organs, including muscle, kidney, liver, and the brain (Bilandzic et 
al., 2010; Castoldi et al., 2001; Clarkson, 1997; Cybulski et al., 2009; Davis et al., 1994; Dehn et al..
2006; Lopez-Artiguez et al., 1995; Millan et al., 2008; Wren, 1986). In contrast to MeHg+, elemental Hg
is poorly absorbed by the gastrointestinal tract (Wolfe et al., 1998; Wiener et al., 2003) but may be 
methylated in the rumen o f herbivores, absorbed and redistributed (Duffy et al., 2005; Lokken et al., 
2009).
The toxicity o f MeHg+ and its accumulation in aquatic biota, humans, and domestic animals is well 
documented (Adbdulla and Chmielnicka, 1990; Becker, 2000; Brookens et al., 2008; Cybulski et al.,
2009; Dunlap et al., 2007; Gaden et al., 2009; Knott et al., 2011b; Lopez-Artiguez et al., 1995). On the 
other hand, relatively little is understood about these processes in wild terrestrial mammals o f the Arctic 
(Dehn et al., 2006; Gamberg et al., 2005). Studies have shown a correlation o f THg concentrations among 
various tissues (Cumbie, 1975; Dip et al., 2001; Kalisinska et al., 2009; Piskorova et al., 2003; Wren, 
1986). Muscle, liver and kidney are often used as bioindicators to assess biological variation among 
cohorts, individuals, and populations (Alonso et al., 2004; Becker and Wise, 2006; Brookens et al., 2008; 
Gutleb et al., 1998; McGrew et al., 2013; Yamamoto et al., 1987). Hair is a well documented valuable
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matrix for some heavy metal contaminant monitoring and is a relatively metabolically inactive tissue that 
represents a route o f elimination (Beckmen et al., 2002; Duffy et al., 2005; Yin et al., 2007). For example, 
hair is a good indicator o f THg in blood as it incorporates MeHg+ from the blood during growth and has 
been shown to correlate with levels in the brain (Cernichiari et al., 1995; Dietz et al., 2009, 2011).
Moreover, the slower decay rates o f hair, as well as bone, in the soil make them more readily available 
than soft tissues for analysis. For example, museum collections often contain samples o f bone and pelts. 
However, few researchers have used bone as a predictor for soft tissue THg concentrations. Interestingly, 
two reports were found on Hg that was studied in wild carnivore bones, including in the red fox (Lanocha 
et al., 2012; Millan et al., 2008). Bone is an important tissue because it accumulates some elemental 
toxicants (Doyle, 1979; Halffman, 2009; Lehner, 2012; Nielsen-Marsh and Hedges, 1999). Studies of 
bone are o f great importance for the prevention o f diseases caused by trace element imbalance (Klepinger, 
1984; Kwapulinski et al., 1995; Martinez-Garcia et al., 2005; Takata and Saiki, 2004).
The red fox, Vulpes vulpes, is a widely distributed, medium-sized canid, which adapts to a variety of 
environmental conditions (Aubry et al., 2009; Corsolini et al., 1999; Kiener and Zaitsev, 2010). Red foxes 
use a wide trophic niche driven by local and seasonal food availability, including, garbage, small rodents, 
invertebrates, and small amounts o f fruit (Cavallini and Lovari, 1991; Ciampalini and Lovari, 1985; 
Corsolini et al., 1999; Doncaster and MacDonald, 1991; Goldyn et al., 2003; Hersteinsson and 
Macdonald, 1992; Hewson and Kolb, 1975; Jones and Theberge, 1982; Kalisinska et al., 2009; Lovari et 
al., 1994; McIntosh, 1963; Saunders et al., 1993; von Schantz, 1980). The red fox is an ecological 
generalist, who sometimes consumes some nutritionally inferior food items (Corsolini et al., 1999; 
Dell'Arte et al., 2007; Kamler and Ballard, 2002).
We evaluated mercury exposure in the wild population o f red foxes, V. vulpes, o f Bethel Alaska. The 
focus o f this paper is to determine if  bone and hair can be reliable predictors for THg concentrations in 
the liver, muscle, renal cortex and renal medulla. In addition this study adds new information on the 
kidney because the kidney is usually not separated in research. Finally we compare our findings with 
those o f other contaminant research studies using foxes from other northern latitudes.
1.3 Materials and Methods
1.3.1 Study area
The Kuskokwim River (Figure 1.1), fed by mountain streams which feed into the main river, has been 
known to have high concentrations o f naturally occurring mercury (Rytuba, 2003). Also there are several 
historical mines in the Bethel region. The Red Devil Mine is one in particular that has abandoned tailings 
which are eroding into the river (Bailey and Gray, 1997).
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1.3.2 Carcass collection and processing
A total o f 200 red fox, V. vulpes, carcasses were donated during the period o f November 2010 through 
February 2011. Trappers anonymously and voluntarily provided carcasses to the Alaska Department of 
Fish and Game (ADF&G) in Bethel, Alaska. Carcasses remained frozen and were stored outside at the 
ADF&G office (temperature was continuously below 0°C).
Frozen carcasses were transported to the University o f Alaska Fairbanks (UAF) where they were stored at 
-20°C. Carcasses were partially thawed and sub-samples o f liver, one whole kidney, femur, muscle, and 
rear paw with fur were collected into Whirl-Pak™ bags and stored at -20°C or -80°C (femurs). All 
samples were collected from the right side o f the carcass using stainless steel scalpels or scissors. Only 
foxes with all five available tissues were analyzed for mercury. Based on these criteria, 65 foxes were 
used in this study, 35 males and 30 females.
Tissues were prepared for lyophilization according to the following procedures, using disposable stainless 
steel scalpels (new scalpel for each sample).
1.3.3 Liver, muscle, renal cortex and renal medulla
3
Approximately 14 g o f frozen liver was cut into small pieces (~1 cm ). The entire quadricep muscle was 
removed from the femur bone while partially frozen, and cut into small pieces. For dissection of cortex 
and medulla, kidneys were kept partially frozen on a clean stainless steel tray placed on ice. All 
instruments used to separate renal cortex and medulla (scalpels and trays) were also kept at -20°C before 
use. All tissues were placed into individual pre-weighed Whirl-PakTM bags and lyophilized for 72 hours 
(Labconco FreeZone 4.5™ Freeze Dry System). Tissue mass was determined before and after 
lyophilization.
1.3.4 Hair and bone
Hair was collected from the right rear paw using a Wahl stainless steel trimmer (carbon blades) and 
stainless steel scissors. Blades were thoroughly cleaned between each sample. Hair was cleaned and dried 
following the methods o f Castellini et al. (2012).
Bones were cored under a fume hood while wearing a 3 MTM particulate respirator N95. The bones were 
cored using a DremelTM glass diamond drilling bit, 1/4" (6.350 mm), 663DR, drill speed #23. Each femur 
was drilled completely through the shaft in three locations to produce six cores (Figure 1.2). The 
periosteum and any trabecular bone were removed using a DremelTM glass diamond taper point sander 
3/32" (2.381 mm), #7144. Total core mass was determined for each individual for a total wet weight 
(ww). The cores were stored at -20°C in acid-washed (5% HNO3) vials prior to degreasing.
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Prior to mercury analysis, bone cores were degreased with a series o f chloroform treatments in a chemical 
fume hood (Aerssens et al., 1998; Bell et al., 2001; Dwek, 2010; Schutkowski and Herrmann, 1999; 
Zwanziger, 1989). Enough chloroform (Chloroform, Reagent ACS, Sciencelab.com) was added to each 
vial to completely cover bone core samples. Each vial was then loosely capped. Samples were treated for 
a total o f 16 hours, changing chloroform after every 8 hour chloroform treatment, samples were rinsed 
several times with ultrapure water. Zwanziger (1989) suggested that freeze drying bone results in 
decreased THg concentrations, thus degreased samples were air-dried in the fume hood for four days. 
Bone was homogenized for analysis using a Wig-L-BugTM (Crescent Dental Company Chicago) with a
9.5 mm stainless steel ball bearing (~10s).
1.3.5 Total mercury (THg) concentration determination
Approximately 16-20 mg o f homogenized dry tissue (hair, renal cortex, renal medulla, muscle, liver) was 
analyzed for THg using a 2-cell DMA-80 Direct Mercury Analyzer (Milestone Inc., Shelton, Connecticut, 
USA) according to USA EPA method 7473, with a minimum detection limit o f 0.037 gg/g (Knott et al., 
2011a; Lieske et al., 2011). Approximately 30 mg o f homogenized powdered bone was analyzed for THg 
using a 3-cell low detection DMA-80 Direct Mercury Analyzer (Milestone Inc., Shelton, Connecticut, 
USA; USA EPA method 7473). The low detection DMA-80 was calibrated using a 6 point linear 
calibration curve from 0.25 ng to 6.00 ng; R2 = 0.9999, resulting in a minimum detection limit o f 0.008 
gg/g. All analytical runs included measurement o f blanks, liquid standards (1 gg/g, 0.1 gg/g, 0.01 gg/g) 
and certified reference materials (IAEA-085, IAEA-086, DORM3, DOLT4) depending on tissue (Table 
1.1).
1.3.6 Statistical analyses
Statistical analyses were performed using the R statistical software package (R Development Core Team, 
2011). T-tests were used to compare mean THg concentrations between males and females for all tissues, 
as well as mean concentration between kidney cortex and kidney medulla. Pearson's correlation statistic 
was used to estimate the correlation between the two kidney tissues. Linear regression was used to 
investigate the relationship between hair and bone THg concentrations. O f particular interest was to 
determine whether hair and/or bone THg concentrations can be used to predict soft tissue, specifically 
muscle, liver, renal cortex, and renal medulla THg concentrations. Sex was also included as a predictor in 
all regression models to investigate possible differences in these relationships between males and females.
Models considering hair and bone THg predictors on each soft tissue response were fit separately. Each 
model first included a term for interaction between sex and THg concentration o f hair/bone. If  the 
interaction term was not significant, models were refit without it and the main effects of sex and hair/bone 
THg were tested. Nonsignificant main effects were then removed, resulting in a final model. Each fitted
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model was used to compute pointwise 95% prediction intervals for predicting soft tissue THg from hair/ 
bone THg. Significance o f all effects was determined using alpha = 0.05.
Residuals from the fitted model were examined to validate model assumptions. A log transformation on 
the response was employed if  residuals showed evidence o f nonnormality or nonconstant variance. 
Standardized residuals having an absolute value greater than three were identified as outliers and removed 
from the analysis.
R2 values were used to evaluate the strength and usefulness o f models for predicting soft tissue THg 
concentrations. Model evaluations were based on categories reported by O'Hara et al. (2008), where R2 < 
0.35 indicates no meaningful predictive ability, R2 between 0.36 and 0.55 indicates weakly predictive 
ability, R2 between 0.56 and 0.75 indicates moderately predictive ability, and R2 > 0.75 indicates strongly 
predictive ability.
1.4 Results
Means ± standard deviations, minimums, maximums, and medians for each tissue type, as well as 
summary statistics for each tissue type separated by sex are reported in Table 1.2. p-values of t-tests 
comparing mean concentrations between males and females showed no significant differences. A 
significant difference was found between mean THg concentrations in kidney cortex and kidney medulla 
(p-value approximately zero). Pearson's correlation between concentration o f kidney cortex and kidney 
medulla was 0.813.
Regression models found no significant interactions between sex and hair/bone THg concentrations for 
any o f the soft tissues. The hair/bone main effects were significant in each regression model, indicating 
that hair/bone THg concentrations can be used to predict soft tissue THg concentrations. The main effect 
for sex was not significant in any o f the regression models, suggesting that the relationship between soft 
tissue THg concentrations and hair/bone THg concentrations is the same for male and female foxes. 
Results o f regression analyses are shown in Table 1.3. Fitted regression models with 95% prediction 
intervals are displayed in Figures 1.3 and 1.4.
Hair THg concentration is a moderate predictor o f renal cortex (R2 = 0.61) and liver (R2 = 0.63) THg 
concentration. Hair THg concentration is weakly predictive o f renal medulla (R2 = 0.50) and muscle (R2 = 
0.39) THg concentrations. Bone THg concentration has no meaningful predictive value for liver (R2 = 
0.24), renal cortex (R2 = 0.35), or renal medulla (R2 = 0.25) THg concentrations. Bone THg concentration 
is weakly predictive of muscle (R2 = 0.40) THg concentration.
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In the regression analysis o f both hair and bone, two outliers were identified and removed. However, the 
removal o f these outliers did not change the results o f regression models. Responses for models using 
bone THg concentration as a predictor were log transformed due to evidence o f nonconstant variance.
1.5 Discussion
Many studies have focused on characterizing mercury levels in fox populations and establishing 
differences between sex and age groups, e.g. Kiener and Zaitsev (2010) and Lanocha et al. (2014). 
Mercury concentrations in terrestrial mammals occasionally show a wide intraspecific variability (Duffy 
et al., 2005; Kalisinska et al., 2009) influenced by natural environmental differences. Mercury 
concentrations in livers from red foxes, V. vulpes, from the Province o f Siena in Italy were shown to differ 
in relation to sex and age (Corsolini et al., 1999). The difference in hepatic THg concentrations between 
foxes from Italy and Alaska based on a geochemical background is ~0.16 vs ~1.20 mg/kg dw. Their study 
differed from ours in regard to sex and age of the fox. We did not consider age in our study as we had 
very few foxes older than two. In addition, our study found no significant difference in male and female 
liver mean THg concentrations (males are 1.261 mg/kg dw; females are 1.185 mg/kg dw) as compared to 
Corsolini et al. (1999) study (yearling males avg. 0.18 mg/kg dw and adult males avg. 0.13 mg/kg dw; 
yearling females avg. 0.14 mg/kg dw and adult females avg. 0.16 mg/kg dw). The higher THg 
concentrations in liver of Alaska foxes may indicate they are eating at a higher trophic level, as Dehn et 
al. (2006) showed a similar result with polar bears, (Ursus maritimus); stable isotope studies could 
support this.
In Poland, Cybulski et al. (2009) assessed mercury levels in livers and kidneys o f V. vulpes. The outer 
portion o f the kidney which consists o f the nephrons is the cortex and the inner portion which consists of 
the pyramids is the medulla (Boundless, 2014). Nephrons, the functional structure in the kidney, filter the 
blood to regulate chemical concentrations to produce the urine (Boundless, 2014). After this initial 
filtering, the waste passes deep into medullary pyramids producing urine to be passed to the bladder 
(Boundless, 2014). Their study differed from ours in that they studied foxes from a fur fox farm where 
our foxes were from their natural habitat. Cybulski and colleagues reported liver Hg concentrations as 
0.257 ± 0.3403 mg/kg dw and kidneys as 0.600 ± 1.1112 mg/kg dw. Their research also used whole 
kidney where our research sub-sampled the renal cortex and renal medulla. We did not use whole kidney 
in our analysis as it may contain other contaminants such as blood and the waste products from the blood, 
which may interfere with THg analysis. Our study reported the average THg concentrations for all red fox 
livers analyzed as 1.226 mg/kg dw, renal cortex having 2.122 mg/kg dw, and renal medulla having 1.177 
mg/kg dw, which are higher than that of the fox fur farm.
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Samples o f muscles, kidneys, and livers o f red foxes, V. vulpes, were collected in Central region o f Slovak 
Republic, an emissions contaminated area (Piskorova et al., 2003). This study indicated mercury levels 
between 0.06 and 1.43 mg/kg, in the tissues from wild foxes. In our study, our values are similar to their 
upper range. The muscle we used was the quadricep in contrast to their m. semimebranosus muscle. In 
addition, their numbers o f samples were much smaller than in our study. We used 65 samples in contrast 
to their samples o f 12 kidneys, eight livers and one muscle. Another difference is the use o f whole kidney 
in the Piskorova et al. (2003) study, while we divided the kidney into renal cortex and renal medulla.
Their study showed THg concentration level averages in liver as 0.22 mg/kg, kidney as 0.63 mg/kg, and 
muscle as 0.013 mg/kg. The Piskorova et al. (2003) study indicated their results in wet weight (ww). 
Changing our averages to ww by assuming a 75% hydration, our THg concentrations were higher as 
follows: 2.780, 0.308, renal cortex 0.484, and renal medulla 0.170 mg/kg ww, respectively.
In another study o f the red fox, V. vulpes, the renal cortex, liver, and muscle was analyzed for mercury 
concentrations to determine if these mercury levels can be used as a bioindicator o f toxic metal 
accumulation in urbanized habitats in Croatia (Bilandzic et al., 2010). Their results found that THg 
concentration values were slightly higher in rural areas o f Croatia. This was the only study found, to date, 
that used the renal cortex and not the entire kidney. Their samples sizes were again small, 12 red fox for 
the suburban study and 16 red fox for the rural study. Their THg concentration averages for suburban and 
rural red fox is as follows: muscle (name not reported) 0.007 mg/kg ww and 0.004 mg/kg ww, liver 0.025 
mg/kg ww and 0.009 mg/kg ww, and renal cortex 0.064 mg/kg ww and 0.032 gg/g ww, respectively.
Table 2 reports our dry weight data and suggests the rural Alaska red fox have higher THg concentrations 
in their tissue than the Croatia foxes in Bilandzic et al.'s (2010) study.
Two European studies reported on THg concentrations that were found in wild red fox bones (Lanocha et 
al., 2012; Millan et al., 2008). In the compact bone tissue reported, the results showed 0.0054 mg/kg dw 
(ranges 0.0012-0.0226) and 0.012 mg/kg dw (ranges nd-0.038) respectively (Lanocha et al., 2012; Millan 
et al., 2008). This is in the same range as our Alaskan red foxes reporting mean THg for compact bone as 
0.004 mg/kg with a range o f 0.001 to 0.010 mg/kg (Table 1.2).
In general, with the exception o f farmed foxes, the wild red foxes of Alaska, living in a relatively pristine 
watershed ecosystem, have higher natural THg concentration levels in their tissues than those reported in 
highly populated Europe where the environment is patchy. The more rural and intact natural environment 
of rural Alaska may allow the red fox to feed higher on the food chain, with an abundance o f fish and 
small mammals.
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1.6 Conclusion
This is the first data set reported for the red fox in Alaska in which THg concentrations for several tissues 
from the same animal were compared. Our findings support the hypothesis, in part, that THg 
concentration in hair is correlated across tissues and these correlations may be strong enough so one can 
predict THg concentrations in some tissues, specifically skeletal muscle, renal medulla, renal cortex, and 
liver. THg concentration in hair had a significant linear relationship to THg concentration in liver, renal 
cortex, renal medulla, and muscle for both males and females. Since hair is a good matrix to predict THg 
concentration in the renal cortex and liver for red foxes, hair samples from foxes could be used to indicate 
approximate liver and renal THg concentrations.
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1.9 Figures
Figure 1.1: Bethel Alaska and the Kuskokwim River.
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Fig. 1.2: Showing where cores were drilled through femur.
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Hair
Figure 1.3: Fitted regression models for hair THg mg/kg (x-axis) vs each soft tissue THg mg/kg (y-axis). 
Models fitted with 95% pointwise prediction intervals. Clockwise from top left: hair vs. liver, hair vs. 
muscle, hair vs. renal medulla, hair vs. renal cortex.
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Fig. 1.4: Regression models with bone THg mg/kg (x-axis) vs each soft tissue THg mg/kg (y-axis). 
Models fitted with 95% pointwise prediction intervals. Clockwise from top left: bone vs. liver, bone vs. 
muscle, bone vs. renal medulla, bone vs. renal cortex.
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1.10 Tables
Table 1.1: Percent recovery o f liquid standards and certified reference materials
% Recovery
Bone Hair Liver Renal 
Cortex & Medulla
Muscle
Liquid Standard3 (^g/g)
0.010 0.010
0.100 0.097 0.099 0.096 0.103
1.000 0.987 0.964 1.043
Reference Materials (g)
SRM 1486b(0.0300) 109.75
IAEA 085c (0.0200) 101.43
IAEA 086c (0.0200) 106.32
DORM3d (0.0100) 107.95 102.60 110.07
DOLT4e (0.0100) 110.50 97.83 109.62
aLiquid Standards: 0.010 in 3.7% HCL [9.913 ppb] for bone; 0.100 in 3.7% HCL [99.9 ppb], 1.000 in 
3.7% HCL [.999 ppm] for hair and renal cortex/medulla; 0.100 in 3.7% HCL [100.52 ppb] for liver; 0.100 
in 3.7% HCL [99.02] for muscle.
b Bone meal SRM 1486 (note: Author worked with Dr. Stephen Long o f the National Institute of 
Standards and Technology. This SRM will now be assigned a reference value on the certificate) 
c Hair certified standard; IAEA 085 = 23.2 ^g/g; IAEA 086 = 0.573 ^g/g; International Atomic Energy 
Agency
d Fish protein certified standard; 0.382 ± 0.060 ^g/g; National Research Council o f Canada 
e Dogfish liver certified standard; 2.54 ± 0.22 ^g/g; National Research Council of Canada
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Table 1.2: Mean±SD, minimum, maximum, and median mercury concentration, for each tissue type
combining male and female red fox and separated by sex.
Tissue Mean ± SD Minimum Maximum Median
Bone 0.004 ± 0.002 0.001 0.010 0.004
Hair 2.580 ± 1.959 0.429 9.604 2.024
Muscle 0.567 ± 0.464 0.097 2.001 0.432
Liver 1.226 ± 1.133 0.114 6.149 0.924
Renal Medulla 1.177 ± 0.968 0.217 4.061 0.754
Renal Cortex 2.122 ± 1.486 0.429 6.049 1.929
Bone
Male 0.005 ± 0.002 0.001 0.010 0.004
Female 0.004 ± 0.002 0.001 0.010 0.004
Hair
Male 2.794 ± 2.188 0.429 9.604 2.222
Female 2.320 ± 1.666 0.539 5.926 1.705
Muscle
Male 0.608 ± 0.441 0.097 1.932 0.510
Female 0.519 ± 0.494 0.114 2.001 0.341
Liver
Male 1.261 ± 1.101 0.225 6.149 0.969
Female 1.185 ± 1.188 0.114 5.334 0.887
Renal Medulla
Male 1.307 ± 0.968 0.217 3.794 0.996
Female 1.026 ± 0.961 0.256 4.061 0.632
Renal Cortex
Male 2.341 ± 1.575 0.429 6.049 2.037
Female 1.867 ± 1.356 0.509 5.621 1.340
Reported in mg/kg dw
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Table 1.3: R2 and p-values for testing association between hair and bone vs soft tissues (no sex or 
interaction)*.
Renal Cortex Renal Medulla Liver Muscle
Hair
R2 0.6073 0.5003 0.6268 0.3886
p-value 3.34e-14 4.5-7e-11 6.804e-15 2.383e-07
Bone
R2 0.3287 0.2868 0.2768 0.3595
p-value 5.997e-07 4.293e-06 6.76e-05 1.31e-07
* Responses for bone were log transformed
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Chapter 2 A Stable Carbon and Nitrogen Isotope Investigation of Tissues in the Free-Ranging
Western Alaska Red Fox1
2.1 Abstract
Stable carbon and nitrogen isotopes in tissues from one population o f wild free-ranging red foxes (Vulpes 
vulpes) in Western Alaska were used to 1) examine the lipid extraction process, 2) evaluate carbon and 
nitrogen correlations among tissues to establish stable isotope values for modern northern wild fox 
populations, 3) describe the C:N ratios in males and females, 4) establish trophic positions o f free-ranging 
northern red foxes, and 5) relate S15N values to mercury biomagnification. Our results showed that hair 
stable isotopes are correlated with other tissue stable isotope values. Results also showed that hair, bone, 
muscle, liver, renal cortex and medulla tissues o f the red fox were isotopically significantly different from 
each other. We found that the Western Alaska red fox was likely eating a different diet based upon a lower 
trophic position than red foxes from other northern areas. We concluded that stable isotope data can help 
explain mercury concentration levels influenced by seasonal diet changes o f the Alaska red fox.
1 Dainowski BH, Duffy LK, McIntyre J. 2016. A Stable Carbon and Nitrogen Isotope Investigation of 
Various Tissues in the Free-Ranging Western Alaska Red Fox. Prepared for submission to Science o f the
Total Environment.
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2.2 Introduction
The red fox’s (Vulpes vulpes) range expanded into the Arctic regions o f Canada and Eurasia during the 
20th century (Chirkova, 1968; Hersteinsson and Macdonald, 1992; Kiener and Zaitsev, 2010). Their 
populations increased first in the foothills and river corridors o f the Arctic Coastal Plain (Bee and Hall, 
1956; Brower, 1942). Red foxes are considered generalist omnivore predators (Dainowski et al., 2015; 
Lariviere and Pasitschniak-Arts, 1996; Newsome et al., 2014; Tesky, 1995), whose movements are 
usually driven by local and seasonal food availability.
Food sources for red foxes often consist o f rodents, invertebrates, fruit, and even garbage in small urban 
settings (Savory et al., 2014; Von Schantz, 1980). Red foxes can survive in a variety o f ecosystems from 
semi-arid deserts to the tundra (Dell’Arte et al., 2007; Lindstrom, 1983; Sargeant, 1978), feeding on a 
wide range o f prey species specific to their habitat (Harris, 1981; Roth and Hobson, 2000; Savory, 2013). 
In western Alaska, the natural habitat contains many different types o f prey for the red fox, including 
wood frogs (Rana sylvatica), (Bergeron et al., 2011; Reeves and Trust, 2008), lemmings (Lemmus 
sibiricus and Dicrostonyx torquatus), and other microtine rodents, shrews (Sorex cinereus) (Gotthardt and 
McClory, 2006), black fish (Dalia pectoralice) (Armstrong, 1994), and birds, such as willow ptarmigans 
(Lagous lagopus) (Kelly, 2000; Peterson and Fry, 1987).
Stable isotope studies traditionally trace pathways o f organic matter using S13C and S15N (McCutchan et 
al., 2003). Different stable isotope ratios (13C/12C) also arise in the photosynthetic pathways o f C3 and C4 
plants (Farquhar et al., 1989; Smith and Epstein, 1971; Vogel and Van Der Merwe, 1977). Here in 
Western and Arctic Alaska, the native vegetation is exclusively composed o f C3 plants (Sage et al.,1999). 
Stable carbon isotopes are reflective o f naturally occurring isotope values in animals’ diets and reflective 
o f animals’ movement patterns (Dalerum and Angerbjorn, 2005; Lehner, 2012; Peterson and Fry, 1987). 
This has been established by stable isotope ratios reflecting dietary sources from coastal, terrestrial, 
benthic and pelagic environments (France, 1995; Hobson et al., 2002; Rau et al., 1992; Rounick and 
Winterbourn, 1986); distinguishing Arctic wild foods from processed store-bought foods, because o f the 
difference in carbon isotopes (Fry, 2006; Jahren and Kraft, 2008; Jahren et al., 2006; Lehner, 2012).
The stable nitrogen isotope (15N /14N) has been used to identify food web structures (Bocherens and 
Drucker, 2003; Minagawa and Wada, 1984; Roth and Hobson, 2000; Schoeninger and DeNiro, 1984). 
Nitrogen isotope values are also used to establish trophic levels (Dehn et al., 2006; DeNiro and Epstein, 
1981; Fry, 2006; Post, 2002).
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Complicated issues can arise using stable isotope signatures in dietary studies. One such issue is the 
process by which isotopes are incorporated into the animals’ tissues. Isotopic signatures are influenced by 
an animals’ age, nutritional status, size, tissue type, and the macronutrients in the diet (Ben-David and 
Flaherty, 2012; Bond and Diamond, 2010; Fry, 2006; Hobson and Quirk, 2014; Kelly, 2000; Robbins et 
al., 2005). Besides isotopic incorporation, these factors also discriminate between the animals’ diet and its 
tissues (Ben-David et al., 2012). For example, the S15N signature will be incorporated in the tissues at a 
slow rate when herbivores consume a nitrogen-poor diet because they will be using the nitrogen storage in 
their bodies (Ben-David and Flaherty, 2012). In addition, an animals feeding ecology can be further 
complicated by the uptake o f contaminants, such as mercury, through their food webs (Kalisinska et al., 
2009).
Several other important considerations arise in dietary studies using stable isotopes. First, lipid extraction 
is a correction commonly applied in stable isotope studies on marine mammals to reduce variability and 
bias introduced when tissues have high lipid content. This correction may also be important for terrestrial 
animals feeding in coastal regions (Ben-David et al., 2012) due to fish consumption.
In addition, each tissue incorporates the nutrients from diet differently. It is important to understand how 
different tissue S13C values are related to each other, as each tissue is influenced by different turnover 
rates (Carroll et al., 2013; Kielland, 2001; Murray et al., 2015). Besides turnover rate, it is important to 
understand if  there is any intra-specific stable isotope values from one tissue compared to other tissues of 
the same species, to see if  the consistency is similar across males and females, as this may provide insight 
into ecological drivers o f dietary variations (Sweeting et al., 2005). It is also important to see which tissue 
is more suitable to use in a diet study in order to determine feeding and migration habits. For example, 
soft tissues such as muscle, kidney and liver may reflect stable isotopes differently from each other, and 
perhaps quite differently from hard tissues such as hair and bone, leading to tissue-dependent 
discrepancies in estimates o f diet composition. Due to different metabolic turnover rates, stable isotopes 
in different tissues can represent diet over different time periods (Phillips and Eldridge, 2006). Therefore, 
stable isotope analyses o f winter hair o f foxes can infer a late summer diet, because the winter hair is 
grown in September and October, prior to the start o f winter (Chesemore, 1967; Maurel et al., 1986; Roth 
and Hobson, 2000). On the other hand, muscle tissue can infer a diet one to two months prior to sampling 
(Roth and Hobson, 2000; Lecomte et al., 2011). Bone collagen has a slower turnover period (Tieszen et 
al., 1983) and is used to infer a lifetime diet o f the red fox.
Another important consideration is the dependence o f isotope values on factors such as sex.
Understanding the relationships among isotope measurements on both sexes and on a variety o f tissues 
will allow better interpretation and comparison o f different studies in the literature. Moreover, it may also
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facilitate comparison o f the diets o f modern animals to diets inferred from historical museum specimens 
where only hair or bone is available and the sex o f the animal is unknown.
Lastly, current climate changes affect ecosystems by forcing species to migrate into different habitats and 
can therefore affect the prey availability (Lovejoy and Hannah, 2006). As the Arctic’s climate changes, 
(Murray et al., 2015) the prey o f the red fox only becomes harder to find, leading to changes in diet and 
trophic level. Establishing current feeding patterns is important for the long-term monitoring o f this 
sentinel species.
In this study we use stable isotopes to investigate diet characteristics o f the red fox using foxes sampled 
from Bethel, Alaska. We first consider the necessity o f lipid extraction on the tissues o f the sampled 
foxes. Next we compare mean values o f carbon and nitrogen stable isotopes (S13C and S15N), as well as 
the carbon-to-nitrogen ratio (C:N) between male and female foxes for several soft and hard tissues 
(kidney cortex, kidney medulla, liver, muscle, hair and bone). We similarly compare mean isotope values 
among all pairs o f tissues, and measure the correlations in isotope values between all pairs o f tissues. 
Finally we use our results to infer diet characteristics o f red foxes in Northwest Alaska and discuss them 
in the context o f other published diet studies on foxes. Additionally, the potential use o f stable isotope 
information to infer bioaccumulation o f contaminants such as total mercury is discussed.
2.3 Materials and Methods
2.3.1 Sample preparation and stable isotope analysis
A total o f 200 red fox carcasses were donated during the period o f November 2010 through February
2011. Trappers anonymously and voluntarily provided carcasses to the Alaska Department o f Fish and 
Game (ADF&G) in Bethel, Alaska. Carcasses remained frozen and were stored outside at the ADF&G 
office (temperature was continuously below 0°C).
Frozen carcasses were transported to the University o f Alaska Fairbanks (UAF) where they were stored at 
-20°C. Carcasses were partially thawed and sub-samples o f liver, muscle, and one whole kidney, femur, 
and rear paw with fur were collected into Whirl-Pak™ bags and stored at -20°C (liver, muscle, kidney, 
rear paw) and -80°C (femur). All samples were collected from the right side o f the carcass using stainless 
steel scalpels or scissors. Only foxes with all five available tissues were analyzed for stable isotope 
analysis. Based on these criteria, 65 foxes were used in this study, 35 males and 30 females.
34
Approximately 14 g o f frozen liver was cut into small pieces (~1 cm3). The entire quadricep muscle was 
removed from the femur bone while partially frozen, and cut into small pieces. For dissection of cortex 
and medulla, kidneys were kept partially frozen on a clean stainless steel tray placed on ice. All 
instruments used to separate renal cortex and medulla (scalpels and trays) were also kept at -20°C before 
use. All tissues were placed into individual pre-weighed Whirl-Pak™ bags and lyophilized for 72 hours 
(Labconco FreeZone 4.5™ Freeze Dry System).
Hair was collected from the right rear paw using a Wahl stainless steel trimmer (carbon blades) and 
stainless steel scissors. Blades were thoroughly cleaned between samples. Hair was placed in a 50 ml 
metal-free conical bottom tube and filled with 1% Triton X, covered, and allowed to sit for 15-30 
minutes, shaking occasionally. The Triton X was then poured off and the tube was filled with H2O, 
covered, sat for 10-15 minutes, with occasional shaking. This process was repeated at least four times 
until all soap was gone. The hair samples were placed into individual pre-weighed Whirl-Pak™ bags and 
lyophilized for 48 hours (Labconco FreeZone 4.5™ Freeze Dry System).
Bones were cored under a fume hood while wearing a 3M™ particulate respirator N95. The bones were 
cored using a Dremel™ glass diamond drilling bit, %” (6.350mm), 663DR, drill speed #23. Each femur 
was drilled completely through the shaft in three locations to produce six core. Four cores were used in a 
similar study of THg (Dainowski et al., 2015), and the remaining 2 cores were used in this stable isotope 
study. The periosteum and any traebecular bone were removed using a Dremel™ glass diamond taper 
point sander, 3/32” (2.381mm), #7144. The cores were stored at -20°C in acid-washed (5% HNO3) vials 
prior to degreasing. The degreasing method used is as follows: bone core samples were sonicated in 
deionized water in order to remove any debris. Next, they were soaked in chloroform for two 8 hour 
periods to remove any lipids, then finally rinsed with deionized water and air-dried under a fume hood for 
3 days.
The bone collagen extraction was a variation of the methods set forth by Matheus (1997). The method is 
as follows: bone samples were demineralized by soaking in an H C 1-H2O solution until they were 
translucent. After which they were rinsed with deionized water. In order to separate the collagen from 
other organic compounds and proteins, the bone samples were gelatinized by placing the collagen 
samples, with H C 1-H2O solution (pH between 3.0 and 4.0) in a culture tube. The tube was heated to 70°C 
under a stream of nitrogen, to dissolve the collagen. The supernatant was lyophilized to retrieve the 
collagen after centrifugation.
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Isotope ratios are presented as stable isotope abundances relative to the international standard (delta (S ) 
notation) in parts per thousand (permil (%o):
S X = ((Rsample/Rstandard)-1) x  103 , %o 
where, element X = 13C or 15N and R is the molar ratios o f heavy to light isotope o f the sample and the 
standard (Fry, 2006). These isotope ratios are expressed in delta notation of per mil relative to the Viennna 
PeeDee Belemnite international standards for carbon, and atmospheric N for nitrogen. These standard 
values are measured using a laboratory standard (peptone) calibrated against several certified reference 
materials (Fry, 2006).
Between 0.1 and 0.5 mg o f hair, liver, muscle, renal cortex, renal medulla, and bone collagen samples 
were placed in tin capsules then loaded into an autosampler. Samples were analyzed for stable carbon and 
nitrogen isotopes at the Alaska Stable Isotope Facility at the University o f Alaska Fairbanks. A 
continuous-flow isotope ratio mass spectrometry with a Costech ECS4010 Elemental Analyzer (Costech 
Analytical Technologies Inc., Valencia, CA, USA) interfaced to a Finnigan Delta Plus XP isotope ratio 
mass spectrometer via the Conflo III interface (Thermo Fisher Scientific, Waltham, MA, USA) was used 
for analyzing. The laboratory standard was measured multiple times between samples to evaluate the 
accuracy and precision o f analyses. Accuracy and precision was assessed using multiple peptone 
standards. Precision was within 0.3%o and accuracy was within 0.1%o for both S 13C and S 15N values.
2.3.2 Tissue turnover, growth rates, and lipid contamination methods used fo r  analysis
Analysis o f the pelage cycle (hair) o f the red fox has shown that hair loss occurs in late spring, 
approximately in May, and regrowth occurs late summer through October. Therefore, the hair collected in 
winter will be representative o f a diet August through October (Maurel et al., 1986). Bone collagen, 
however, describes the lifetime diet o f an animal (Tieszen et al., 1983), while muscle tissues will show a 
diet within the last two months prior to sampling (Roth and Hobson, 2000). Renal cortex and medulla, as 
well as the liver show the diet within the last week prior to sampling (Roth and Hobson, 2000; Roth et al., 
2007).
Just like corn (C4) or wheat (C3) diets, lipids have been found to be another secondary fractionation issue 
in some stable isotope studies. This is because lipids are typically depleted in 13C and have S 13C values 
more negative than those in carbohydrates and proteins within an individual organism (DeNiro and 
Epstein, 1977; Post et al., 2007). Lipids for hair and bone were extracted, while muscle, liver and kidney 
were not. The C:N ratios were analyzed to compare the effect of lipid extractions. A C:N ratio o f around 
four (~10% lipids) is an acceptable range for terrestrial mammals.
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2.3.3 Statistical analysis
Histograms and normal probability plots were used to assess normality o f the distribution o f S13C and 
S15N isotope measurements for each tissue. Individual isotope measurements greater than three standard 
deviations from the mean for each tissue were identified as potential outliers (Ruan et al., 2005). Means 
and standard deviations were used to summarize S13C, S15N and C:N values for all tissues for all foxes, as 
well as separately for male and female foxes. T-tests were used to compare mean isotope values o f males 
and females for each tissue. Paired t-tests were used to test mean differences in isotope values between 
pairs of tissues, for both S13C and S15N. Pearson’s product-moment correlation was used to measure and 
test the significance of correlations between isotope values in each pair o f tissues, for both S13C and S15N. 
We used the scale established by Andale (2015) to classify correlations as follows: High correlation: 0.5 
to 1.0 or -0.5 to 1.0, Medium correlation: 0.3 to 0.5 or -0.3 to 0.5, and Low correlation: 0.1 to 0.3 or -0.1 
to -0.3. A significance level of a =.05 was used for all hypothesis tests. All analyses were performed using 
the statistical software R (R Development Core Team, 2015).
2.4 Results
2.4.1 Isotope values fo r  S13C and S15N and C:N ratios in wild foxes
The small percentage o f lipid content found in a few tissues did not influence the S13C and S15N stable 
isotope values. These red fox tissues had a 1% difference in their mean values between lipid extracted, 
e.g. bone, and non-lipid extracted tissues, e.g. hair for S13C. The C:N ratios demonstrated a ratio that 
would be expected for terrestrial mammals (Post et al., 2007). As a result, no correction for lipids were 
performed on the unextracted samples (Fagan et al., 2011; Post et al., 2007).
Histograms and normal probability plots o f isotope values were consistent with normality for all tissues. 
An outlier was identified in one fox that had isotope values outside the three standard deviation range for 
S13C in hair and bone, as well as S15N in hair, bone and muscle (circled points in Figure 2.1). This same 
fox was also considerably larger and heavier (5.5 kilograms (kg)) than all other foxes. Weight averages 
for all foxes were 3.85 kg, with males having averages o f 4.06 kg, and females 3.62 kg. Therefore this 
one very large fox was removed from all statistical analyses.
Table 2.1 summarizes the means and standard deviations o f S13C and S15N values and C:N ratios for all 
tissues from our sample o f free-ranging red foxes from Bethel Alaska. T-tests showed no difference 
between male and female mean S13C, S15N and C:N values for any tissues. Table 2.2 summarizes the
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means and standard deviations o f S13C and S15N values and C:N ratios for all tissues o f males and females 
red foxes separately by sex, and reports p-values for the t-tests.
Paired t-tests did indicate significant differences in means o f S13C and S15N values between certain pairs 
of tissues. Tables 2.3 (carbon) and 2.4 (nitrogen) report mean differences and p-values for all tissues. For 
carbon pairwise mean of differences, hair, bone and muscle were significantly different from all other 
tissues. Liver was significantly different from all other tissues except kidney cortex and medulla. Kidney 
cortex and medulla were not significantly different.
For nitrogen pairwise mean o f differences, hair was significantly different from bone and muscle, but not 
from liver, kidney cortex and medulla. Bone was significantly different from all tissues. Liver was 
significantly different all tissues except hair, kidney cortex and medulla. Kidney cortex and medulla were 
significantly different from all tissues except for hair and liver.
Pearson’s product-moment correlation was used to estimate correlations in isotope measurements between 
pairs of tissues. Correlations are reported in Table 2.5 (carbon) and Table 2.6 (nitrogen) along with p- 
values for testing correlation significance. All p-values were significantly different from zero. Hair was 
highly correlated with all tissues except bone. Specifically, high correlations were observed for both S13C 
and S15N stable isotope measurements between hair and muscle, liver, kidney cortex and medulla; 
between muscle and liver, kidney cortex and medulla; between liver and kidney cortex and medulla; and 
between kidney cortex and kidney medulla. Bone showed a medium correlation with all tissues for both 
S13C and S15N stable isotope measurements. Consequently bone is less likely to be useful in predicting 
stable isotope ratios in other tissues o f the red fox.
2.4.2 Relationship to mercury biomagnification
Figure 2.2 was developed from the THg study o f these same red foxes reported in Dainowski et al. (2015) 
along with the stable isotope data from this paper. W s compared the S15N values for the Bethel, Alaska red 
foxes to the THg in their hair (Dainowski et al., 2015). A correlation between S15N values and THg 
concentrations o f hair was observed. As S15N increases so does THg. Figure 2.2 shows a pattern o f hair 
S15N having a value between 5.00 and 7.00%o, and THg concentration between 1.00 and 3.00 ppm.
2.5 Discussion
The potential food sources o f the Western Alaska red fox diet include terrestrial, aquatic, and occasional 
anthropogenic derived foods. C3 and C4 plants (Farquhar et al., 1989; Smith and Epstein, 1971; Vogel and
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Van Der Merwe, 1977) play an important part o f an animal’s diet as the S 13C ratios differ in the 
photosynthetic pathway. The ratio o f 13C/12C isotopes in C3 plants range from approximately -24.00 to 
-34.00%o and C4 plants from approximately -6.00 to -19.00%o (O’Leary, 1988). Because the isotopes of 
these two kinds o f plants move up through the food chain, it is possible to suggest the red fox’s principal 
diet is one o f terrestrial animals feeding on C3 plants. This is reasonable for Alaska as the native 
vegetation is exclusively C3, such as rice, shrubs and grasses (O’Leary, 1988; Sage et al., 1999). Thus, the 
herbivores that the red fox is preying on would be eating C3 plants as indicated by the red fox hair mean 
value S 13C of -24.89%o (Table 2.1). The carbon stable isotope average for our red fox population is S 13C 
(-22.56 to -25.69%0).
On the other hand, a farmed red fox diet is isotopically different (Peterson and Fry, 1987). Therefore, 
stable isotope ratios can distinguish the Western Alaska ecosystem wild foods, such as brown lemmings, 
from processed foods, such as commercial feed to farmed foxes. Roth and Hobson (2000) report the pellet 
diet o f their farmed foxes contained up to fifty percent carbohydrate, resulting in an average S 13C isotope 
fractionation value lower than the Alaskan red fox. C4 plants (S 13C isotope values ranging between -10.00 
and -16.00%o), such as corn in the feed for domestic animals (Jahren et al., 2006), are part o f the 
commercial North American diet (Jahren and Kraft, 2008). A practical forensic use o f S 13C data would be 
confirming the identity o f the source o f commercial feeds (Savory et al., 2014).
Nitrogen stable isotope ratios are also different depending on the trophic levels (Hobson and Welch,
1992), and between terrestrial and marine sources (Fry, 2006; Kelly, 2000; Schoeninger and DeNiro, 
1984). There is a tendency to have an increase o f 2.00%o to 4.00%o at each trophic level, however, this 
depends on the tissue being examined (Adams et al., 2000; Handley et al., 1999; Szpak et al., 2013). For 
example, bone collagen, because o f its isotopic composition being reflective o f a diet over a long period 
o f time, has an S 15N enrichment value (between predator and prey) around 2.00%o (Bocherens and 
Drucker, 2003). Other factors that can influence the nitrogen isotopic composition are the environment 
and physiological factors o f animals (e.g. hair growth and muscle fitness) being studied (Adams et al., 
2000; Fry, 2006). For example, in wetter and cooler ecosystems plants would retain 15N and thus have a 
lower ratio (Fry, 2006; Szpak et al., 2013).
Hair and muscle S 15N can be used to indicate the trophic level where the red fox is feeding. The red fox in 
this Western Alaska ecosystem appears to feed mainly on lemmings (which feed on C3 plants) and voles 
and is in agreement with other reports (Savory, 2013). We compared our quadricep muscle findings with 
that o f Roth and Hobson (2000) to investigate the difference between free-ranging red foxes and farmed 
red foxes diet using S 13C and S 15N stable isotope measurements. Our stable isotope means for free- 
ranging Western Alaska red fox diets vary from these commercial fur farmed foxes from Ontario Canada
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as seen in Table 2.7 (Roth and Hobson, 2000). Our isotope data indicates that the Alaska red foxes have a 
major diet of C3 carrying herbivores, such as microtines; whereas, the farmed foxes were feeding on a 
commercial pellet food diet, higher in carbohydrates. Looking at the S15N values, the Alaskan foxes are 
eating at a lower trophic level which could indicate a greater content o f marine protein than is usually 
found in farmed fox commercial food pellets.
The bone model used in the Prudhoe Bay study indicated the red foxes were eating a varied diet of 
lemmings with anthropogenic food sources mixed in. Therfore, Prudhoe Bay, Alaska red foxes may be 
feeding at a lower trophic level related to proximity to a human industrial settlement. The bone model 
used in the Bethel, Alaska study showed that the red foxes were eating a diet mainly composed of 
lemmings; therefore, the Bethel, Alaska red foxes were eating at a higher trophic level.
The isotope values o f the red fox’s diet items versus the THg concentrations found in their hair tissue 
implies that the THg may be coming through the mixed lemming/aquatic/avian pathway (likely fish or 
other fish eating birds) for those foxes with the higher mercury contents. Because our free-ranging red 
foxes should retain a summer signal in their hair, a summer seasonal effect o f THg biomagnifications may 
explain the variation in the stable isotope values. In addition, the hair THg tends to have a wider variation 
suggesting the diet o f the Western Alaska free-ranging red fox populations vary in what they are eating as 
a major component o f their diet.
2.6 Conclusion
This is the first report on red fox stable isotope ratios from Western Alaska. The stable isotope means of 
tissues are slightly, but significantly different from each o f the other tissues. The stable isotope signals 
from hair can correlate with the stable isotope signal of other tissues. The Western Alaska red fox differs 
in trophic position with the farmed red fox and other free-ranging European red foxes based on 
differences in their diet patterns. While the S13C and S15N stable isotope mean value only allows 
conclusions regarding that tissue, the presence o f strong correlations between hair and muscle with the 
other tissues allows conclusions about the diet and trophic level o f the red fox population in Western 
Alaska. Stable isotope data may explain the mercury levels, which could be influenced by changes in 
seasonal diet o f the red fox. Identifying the trophic position o f red fox populations allows for ecological 
risk assessment o f contaminants such as mercury as climate change impacts the physical and biological 
composition o f ecosystems, and/or the migration or interaction o f terrestrial species.
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2.8 Figures
Figure 2.1: S13C versus S15N levels for hair and bone in western Alaska wild red foxes. One male fox 
outlier is circled.
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Figure 2.2: S15N versus THg of hair in free-ranging red foxes from western Alaska. THg concentrations 
are reported in ppm (mg/kg) and S15N values are reported in %o. R2= 0.42. Mean(std dev) o f hair 
5.57(1.48), and THg 2.58(1.96). Stable isotope values for hair correlate with THg levels in hair.
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2.9 Tables
Table 2.1: Mean and standard deviation for S13C and S15N and C:N ratios for all red foxes (n=65).
Hair Bone Liver Muscle KidneyC KidneyM
513Carbon
Mean (sd) -24.89 (1.08) -22.56 (0.67) -25.37 (1.34) -25.69 (1.14) -25.35 (1.21) -25.31 (1.21)
515Nitrogen
Mean (sd) 5.57 (1.48) 4.64 (1.47) 5.72 (1.64) 5.20 (1.53) 5.63 (1.66) 5.85 (1.53)
C:N Ratio
Mean (sd) 2.62 (0.05) 2.51 (0.04) 4.01 (0.61) 3.38 (0.31) 4.02 (0.22) 3.83 (0.30)
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Table 2.2: Mean, standard deviation and p-values for S13C and S15N and C:N ratios for male (n=34) and
female (n=31) red foxes.
Hair Bone Liver Muscle KidneyC KidneyM
513Carbon
Male 
Mean (sd) -24.82 (0.98) -22.61 (0.50) -25.43 (1.06) -25.72 (0.94) -25.52 (0.87) -25.43 (0.86)
Female 
Mean (sd) -24.97 (1.20) -22.50 (0.83) -25.31 (1.61) -25.65 (1.35) -25.16 (1.50) -25.18 (1.50)
P-value 0.61 0.56 0.72 0.83 0.26 0.42
515Nitrogen
Male 
Mean (sd) 5.60 (1.42) 4.57 (1.25) 5.80 (1.68) 3.34 (1.48) 5.67 (1.68) 5.86 (1.51)
Female 
Mean (sd) 5.53 (1.57) 4.74 (1.70) 5.66 (1.61) 5.18 (1.61) 5.58 (1.66) 5.82 (1.58)
P-value 0.85 0.69 0.91 0.94 0.81 0.92
C:N Ratio
Male 
Mean (sd) 2.61 (0.06) 2.51 (0.04) 3.93 (0.40) 3.36 (0.30) 4.07 (0.24) 3.91 (0.29)
Female 
Mean (sd) 2.63 (0.05) 2.51 (0.03) 4.10 (0.79) 3.40 (0.31) 3.97 (0.20) 3.94 (0.32)
P-value 0.16 0.56 0.62 0.64 0.06 0.71
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Table 2.3: Carbon stable isotope paired t-test among all tissues. Mean of differences (top number) / p-
values (bottom number).
Hair
Hair Bone Muscle
  -2.33 0.79
<0.0001 <0.0001
Bone   3.12
<0.0001
Muscle ---
Liver
Liver KidneyC KidneyM
0.483 0.46 0.42
<0.0001 <0.0001 <0.0001
2.81 2.79 2.75
<0.0001 <0.0001 <0.0001
-0.311 -0.33 -0.37
0.001 <0.0001 <0.0001
  -0.02 -0.05
0.791 0.466
KidneyC   -0.03
0.404
KidneyM
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Table 2.4: Nitrogen stable isotope paired t-test among all tissues. Mean of differences (top number / p-
values (bottom number).
Hair Bone Muscle Liver KidneyC KidneyM
Hair — 0.92 0.37 -0.15 -0.05 -0.27
<0.0001 <0.0001 0.328 0.696 0.044
Bone ---- -0.55 -1.08 -0.98 -1.20
0.002 <0.0001 <0.0001 <0.0001
Muscle --- -0.52 -0.42 -0.64
<0.0001 <0.0001 <0.0001
Liver --- 0.09 -0.12
0.002 0.010
KidneyC -0.21
<0.0001 
KidneyM —
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Table 2.5: Carbon stable isotope correlations among all tissues. Pearson’s product-moment correlation
(top number) / p-values (bottom number).
Hair Bone Muscle Liver KidneyC KidneyM
Hair — 0.423 0.819 0.673 0.709 0.692
0.0004 <0.0001 <0.0001 <0.0001 <0.0001
Bone --- 0.308 0.328 0.318 0.346
0.013 0.007 0.010 0.005
Muscle --- 0.838 0.913 0.904
<0.0001 <0.0001 <0.0001
Liver --- 0.891 0.875
<0.0001 <0.0001
KidneyC 0.952
<0.0001 
KidneyM ---
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Table 2.6: Nitrogen stable isotope correlation among all tissues. Pearson’s product-moment correlation
(top number) / p-values (bottom number).
Hair
Hair Bone Muscle
—  0.613 0.851
<0.0001 <0.0001
Bone   0.550
<0.0001
Muscle ---
Liver
Liver KidneyC KidneyM
0.680 0.719 0.744
<0.0001 <0.0001 <0.0001
0.405 0.433 0.480
<0.0001 <0.0001 <0.0001
0.928 0.939 0.945
<0.0001 <0.0001 <0.0001
  0.988 0.975
<0.0001 <0.0001
KidneyC   0.985
<0.0001
KidneyM
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Table 2.7: Summary o f actual stable isotope mean values (std dev) for tissues o f Alaskan free-ranging red 
foxes and Southern Ontario, commercially fed, farmed red foxes (as reported by Roth and Hobson, 2000). 
All values are reported in parts per mil (%o).
513C 
Alaska 
free-ranging foxes
<513C 
Ontario 
commercial fed 
farmed foxes
515N
Alaska
free-ranging
foxes
515N 
Ontario 
commercial fed 
farmed foxes
Bone -22.56 (0.67) --- 4.64 (1.47) ---
Kidney Medulla (KidneyM) -25.31 (1.21) ---- 5.85 (1.53) —
Kidney Cortex (KidneyC) -25.35 (1.21) --- 5.63 (1.66) ---
Liver -25.37 (1.34) -18.30 5.72 (1.64) 8.20
Muscle -25.69 (1.14) -17.60 5.20 (1.53) 8.20
Hair (fur) -24.89 (1.08) -16.10 5.57 (1.48) 8.10
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Chapter 3 A Forensic Evaluation: The use o f mercury and stable isotope analysis o f museum bone 
samples to monitor if  environmental changes are affecting the eating patterns of red and Arctic foxes1
3.1 Abstract
This research takes a forensic approach at investigating certain health and dietary indicators in museum 
preserved bone o f red (Vulpes vulpes) and Arctic foxes (Vulpes lagopus) from the Yukon Territory in 
Canada. This study attempts to 1) measure the mercury (THg) concentration levels, 2) estimate a diet 
using carbon stable isotopes (S13C) and 3) establish a trophic level using nitrogen stable isotopes (S15N), 
from bones o f these sentinel species. This study examines two Arctic foxes and three red foxes or 
unknown age and origin. Yukon Territory Arctic foxes THg concentrations were 0.017 and 0.025 mg/kg. 
The red foxes THg concentrations were 0.010, 0.036 and 0.073 mg/kg. The S13C levels were -21.13 and 
-21.36%o for Arctic foxes and -20.05, -20.08, and -23.12%o for red foxes. Their S15N levels were 5.59 and 
7.22%o for the Arctic foxes and 6.10, 6.57 and 6.66%o for red foxes. These Arctic and red Yukon Territory 
foxes indicate a trophic level similar to Arctic terrestrial omnivores.
1 Dainowski BH, Duffy LK (2016). A Forensic Evaluation: The use o f mercury and stable isotope 
analysis o f museum bone samples to monitor if  environmental changes are affecting the eating patterns 
o f red and Arctic foxes. Submitted for book chapter publication in Contamination in the Soil 
Environment. Dr Ashutosh Gautam and Dr Chakresh Pathak (Eds). India Glycols Limited.
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3.2 Introduction
Forensic science uses observations and analytical techniques to measure data from wildlife remains. The 
commonly used techniques include toxicology and stable isotope analysis o f animal bone (Meier- 
Augenstein 2008, NRC 2009). The impact o f mercury (THg) to the environment is increasing. Its ability 
to build up in organisms and food webs has a significant influence on the health o f animals.
Understanding THg contamination in the environment can help prevent ecological effects o f biological 
diversity causing possible loss o f ecosystems and local animal populations in the Arctic region. Stable 
isotopic (S13C and S15N) composition o f animal tissue has also been successful in establishing a 
relationship between diet, geographic location and trophic levels in archaeological and palaeodietary 
studies (Meier-Augenstein 2008, NRC 2009). This information yields valuable life history and geographic 
origins o f animals.
The slower decay rates o f bone makes it more readily available than soft tissues for analysis (Doyle 1979, 
Lehner 2012, Nielsen-Marsh and Hedges 1999). An extensive baseline study o f THg concentrations 
(Dainowski et al. 2015), and stable isotopes (unpublished data) in modern red fox bones from Alaska and 
throughout Europe has been established. This modern collection o f animal bones has been useful in 
evaluating current toxicant levels, diets, and trophic levels in the far North. Since bones are available in 
museum collections around the North, they can be used to understand the past diets o f wildlife. These 
established baselines will help to monitor future toxicant and dietary changes due to climate changes 
facing our Northern environment.
The study presented here starts a database from a museum bone collection for the red and Arctic fox 
relating to climate and industrialization changes in the far North. It is a collaborative study, with graduate 
student Garrett Savory, who has reported on Arctic foxes (Savory 2013, Savory et al. 2014) to examine 
the application of wildlife forensics from THg and S13C and S15N stable isotope analysis by using museum 
samples. We examined archived museum samples from The Yukon Fossil Collection. These museum 
bones were supplied by Dr. Grant Zazula, a Yukon Palaeontologist with the Heritage Resources Unit, 
Cultural Services Branch, Department o f Tourism & Culture, Government o f Yukon. The age o f the bones 
are unknown, and could range from modern to historic. Thus, we will use the term ‘fossil’ when referring 
to these museum bones from the Yukon Territory in Canada per Dr. Zazula’s estimations. We report the 
THg accumulation and S13C and S15N levels to try to understand the fox’s past feeding ecology and 
trophic levels in their changing environment. We report the THg and stable isotope data and identify the 
trophic levels o f two Arctic and three red fox bone samples. The red foxes from the Yukon Fossil 
Collection will be compared to that o f the modern red fox bones from Bethel Alaska in a previous study 
on THg concentrations (Dainowski et al. 2015) and stable isotopes (unpublished data).
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3.2.1 Terrestrial mammal bones used in mercury studies
An important resource for exploring diets o f past wildlife populations is archival bones from museums. 
Museum bones can establish baselines for different areas of the world, and be used to predict future 
dietary changes o f wildlife populations. This research will try to determine if  contaminants, such as THg, 
are possibly increasing due to climate changes in the Arctic, and to establish a historical baseline for 
contaminants based upon assumption o f the age o f the bones. It is important to establish such a baseline 
as the release o f THg into the environment, with potential methylation, the foxes tissues will likely 
accumulate THg concentrations, causing damage to the animals organ systems (Dainowski et al. 2015). 
One more report exists on THg in wild northern red fox omnivore bones in addition to Dainowski et al. 
(2015) (Lanocha et al. 2012). Where Lanocha and colleagues (2012) did a study on the THg 
concentrations in bones and the effects on the osseous-articular system.
3.2.2 Terrestrial mammal bones used in stable isotope studies
Over the last several decades, stable isotopes have been developed as tools for studying animal migration 
patterns, as well as movements o f elements through the biosphere. Stable isotopes o f carbon and nitrogen 
levels are used to reconstruct the dietary life history o f individual animals (Hobson 1999, 2005, Lehner 
2012) to inform wildlife management policy. Stable isotope tracers in environmental research incorporate 
stable isotope signals into landscape maps (Crawford et al. 2008, Gannes et al. 1997). Also stable isotopes 
have been useful in studying the feeding habits o f species, and are valuable chemical descriptors o f niche 
space, food web organization, nutritional shifts, and community ecology (Dehn et al. 2006, DeNiro and 
Epstein 1978, Fry 2006, Gannes et al. 1997, Robbins et al. 2005). Bone collagen has been used in several 
diet studies to determine if an animal is eating from an exclusive marine environment or not (Bell et al. 
2001, Jim et al. 2004, Schoeninger and DeNiro 1984, Stevens et al. 2006). One paleoecology study used 
bone collagen to predict trophic levels in red deer (Stevens et al. 2006). Another study used ancient and 
modern bone collagen from a lynx and wolf, from Bialowieza primeval forest in Poland, to predict trophic 
levels (Bocherens and Drucker 2003). Growth studies, faunal analysis, and paleopathology are just a few 
nutritional assessment studies that can provide information o f past diets by stable isotope analysis o f bone 
collagen (Ben-David and Flaherty 2012, Klepinger 1984).
3.2.3 Diagenesis o f  bone
Diagenesis is the breakdown o f bone and its interaction with the local physical, chemical and biological 
environment over time (Collins et al. 2002). These processes modify the bone’s original structural and 
chemical properties and can either preserve or destroy the bone. Physical factors such as soil and climate, 
chemical factors such as deterioration o f the organic and mineral phases, and biological factors such as
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alterations that take place on the bone itself in a burial context, all are part o f the diagenesis process 
(Hedges 2002). It has been reported that mercury invades the porosity portion o f bone during diagenesis 
(Nielsen-Marsh and Hedges 1999).
Bones are not in equilibrium with the soil solution o f that particular environment and therefore undergo a 
chemical deterioration (Collins et al. 2002, Dietz et al. 2009). Bone exposed to moist environmental 
conditions, a key agent o f change in diagenesis, is altered in the proportions o f the inorganic components 
(e.g. calcium, hydroxyapatite, magnesium) and the organic component (e.g. collagen). Various types of 
soil components absorb onto the bone surface and cause the components o f bone to leach out (Hedges 
2002, Vass 2001). Studies have described techniques for the preservation o f bone, classification o f soil 
environment, and detection o f the factors in the environment which affect the preservation o f bone (Dietz 
et al. 2009, Jans et al. 2002).
In one forensic study in Japan, mercury was detected in excavated bones (Yamada et al. 1995). Under dry 
conditions, S13C and S15N values change less than 0.4%o during the critical first 195 hours and in the 
presence o f excess water, S13C and S15N values change up to 1.0%o and 0.5%o, respectively (McNulty et 
al. 2002). On the other hand, Schoeninger et al. (1989) argue that a low yield o f collagen does affect 
stable isotope values, while Hare et al. (1991) showed that bone with less than a 5% protein content has a 
non-collagenous amino acid composition, and therefore is not valid for studies.
3.3 Material and Methods
3.3.1 Study area
Figure 3.1 shows the Yukon Territory in Canada. The Arctic and red fox bones that were found in the 
Yukon Territory in Canada, are part of the Yukon Fossil Collection and are listed in Table 3.1. Herschel 
Island, Yukon Territory, is a cultural site located in the Beaufort Sea, part o f the Arctic Ocean. It is 
approximately five kilometers from the coast o f the Yukon at the most northern region o f the territory 
(“National Trust for Canada” 2016, “VirtualMuseum” 2016). Allgold Creek is a small body o f running 
water, a stream, in the Yukon Territory in Canada (“Traveling Luck” 2016) Quartz Creek is a tributary of 
the Indian River Drainage (part o f Bering Sea drainage basin and a tributary o f the Yukon River) in the 
Yukon Territory in Canada (“Indian River (Yukon)” 2016). Both creeks, Quartz Creek in the Klondike 
district and Allgold Creek in Dawson City area, have a history o f gold mining (“Dulac Mining” 2016, 
“Mindat.org” 2016). While Herschel Island is a coastal tundra ecosystem, the Yukon River drainage is 
Boreal Forest.
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3.3.2 Sample preparation and mercury analysis
Bones were cored under a fume hood while wearing a 3 M™ particulate respirator N95. The bones were 
cored using a Dremel™ glass diamond drilling bit, 1/4" (6.350 mm), 663DR, drill speed #23. Each bone 
was drilled three locations to produce six cores. The periosteum and any trabecular bone were removed 
using a Dremel™ glass diamond taper point sander 3/32" (2.381 mm), #7144. Total core mass was 
determined for each individual for a total wet weight (ww). The cores were stored at -20°C in acid- 
washed (5% HNO3) vials prior to degreasing.
Prior to mercury analysis, bone cores were degreased with a series o f chloroform treatments in a chemical 
fume hood (Aerssens et al.1998, Bell et al. 2001, Dwek 2010, Schutkowski and Herrmann 1999, 
Zwanziger, 1989). Enough chloroform (Chloroform, Reagent ACS, Sciencelab.com) was added to each 
vial to completely cover bone core samples. Each vial was then loosely capped. Samples were treated for 
a total o f 16 hours, changing chloroform after 8 hours. After chloroform treatments, samples were rinsed 
several times with ultrapure water. Zwanziger (1989) suggested that freeze drying bone results in 
decreased THg concentrations, thus degreased samples were air-dried in the fume hood for four days. 
Bone was homogenized for analysis using a Wig-L-Bug™ (Crescent Dental Company Chicago) with a
9.5 mm stainless steel ball bearing (~10 s).
Approximately 30 mg of homogenized powdered bone was analyzed for THg using a 3-cell low detection 
DMA-80 Direct Mercury Analyzer (Milestone Inc., Shelton, Connecticut, USA; USA EPA method 7473). 
The low detection DMA-80 was calibrated using a 6 point linear calibration curve from 0.25 ng to 6.00 
ng; R2 = 0.9999, resulting in a minimum detection limit of 0.008 qg/g. All analytical runs included 
measurement o f blanks, liquid standards (1 qg/g, 0.1 qg/g, 0.01 qg/g) and a reference material, SRM 1486 
(Dainowski et al. 2015).
3.3.3 Sample preparation and stable isotope analysis
Bones were cored under a fume hood while wearing a 3M™ particulate respirator N95. The bones were 
cored using a Dremel™ glass diamond drilling bit, %” (6.350mm), 663DR, drill speed #23. Each femur 
was drilled completely through the shaft in three locations to produce six core. Four cores were used in a 
similar study of total mercury (Dainowski et al. 2015), and the remaining 2 cores were used in this stable 
isotope study. The periosteum and any traebecular bone were removed using a Dremel™ glass diamond 
taper point sander, 3/32” (2.381mm), #7144. The cores were stored at -20°C in acid-washed (5% HNO3) 
vials prior to degreasing. The degreasing method used is as follows: bone core samples were sonicated in 
deionized water in order to remove any debris. Next, they were soaked in chloroform for two 8 hour
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periods to remove any lipids, then finally rinsed with deionized water and air-dried under a fume hood for 
3 days.
The bone collagen extraction was a variation of the methods set forth by Matheus (1997). The method is 
as follows: bone samples were demineralized by soaking in an H C 1-H2O solution until they were 
translucent. After which they were rinsed with deionized water. In order to separate the collagen from 
other organic compounds and proteins, the bone samples were gelatinized by placing the collagen 
samples, with an H C 1-H2O solution (pH between 3.0 and 4.0) in a culture tube. The tube was heated to 
70°C, under a stream of nitrogen, to dissolve the collagen. The supernatant was lyophilized to retrieve the 
collagen after centrifugation.
Isotope ratios are presented as stable isotope abundances relative to the international standard (delta (S ) 
notation) in parts per thousand (permil (%o):
S X = ((Rsample/Rstandard)-1) x  103, %o 
where, element X = 13C or 15N and R is the molar ratios o f heavy to light isotope o f the sample and the 
standard (Fry 2006). These isotope ratios are expressed in delta notation o f per mil relative to the Viennna 
PeeDee Belemnite international standards for carbon, and atmospheric N for nitrogen. These standard 
values are measured using a laboratory standard (peptone) calibrated against several certified reference 
materials (Fry 2006).
Between 0.1 and 0.2 mg o f bone collagen samples were placed in tin capsules then loaded into an 
autosampler. Samples were analyzed for stable carbon and nitrogen isotopes at the Alaska Stable Isotope 
Facility at the University o f Alaska Fairbanks. A continuous-flow isotope ratio mass spectrometry with a 
Costech ECS4010 Elemental Analyzer (Costech Analytical Technologies Inc., Valencia, CA, USA) 
interfaced to a Finnigan Delta Plus XP isotope ratio mass spectrometer via the Conflo III interface 
(Thermo Fisher Scientific, Waltham, MA, USA) was used for analyzing. The laboratory standard was 
measured multiple times between samples to evaluate the accuracy and precision o f analyses. Accuracy 
and precision was assessed using multiple peptone standards. Precision was within 0.3%o and accuracy 
was within 0.1%o for both S 13C and S 15N values.
3.3.4 Statistical analysis
The Yukon Fossil Collection consists o f a small sample size o f two red fox bones, and three Arctic fox 
bones. Statistical methods should not be applied and statistical inference cannot be made on the basis of 
such a small sample size. The THg concentrations and S 13C and S 15N stable isotope values o f the Yukon 
Fossil Collection bones were analyzed. The findings for the THg concentrations and for the S 13C and S 15N 
stable isotope values are presented in both tables and figures. The two Arctic fox bones from the Yukon
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Fossil Collection will not be compared to any study. The Arctic foxes will be added to the red fox tables 
and figures for a visual analysis only.
3.4 Results
The results o f the THg concentrations for the Yukon Fossil Collection are shown in Table 3.1. The results 
o f the S13C and S15N stable isotope values for the Yukon Fossil Collection are also shown in Table 3.1.
3.4.1 Yukon Fossil Collection THg concentrations and SI3C and SI5N stable isotope values
The THg concentration results for the Yukon Fossil Collection are listed in Table 3.1. The Thg bone 
samples vary slightly from 0.010 mg/kg to 0.073 mg/kg for the red foxes and 0.017 mg/kg and 0.025 mg/ 
kg for the Arctic foxes. Stable isotope analysis for the Yukon Fossil Collection results are shown in Table
3.1. The stable isotope bone samples also vary slightly from -20.05%o to -23.12%o for the red foxes S13C 
values and -21.13%o to -21.36%o for the Arctic foxes S15N values.
3.4.2 Yukon Fossil Collection verses Bethel, Alaska fo r  THg and S13C and S15N  stable isotopes
The THg concentrations in modern red foxes from Bethel, Alaska study (Dainowski et al. 2015) was 
compared to the Yukon Fossil Collection bones o f red foxes from Yukon, Canada. Two red fox bones 
from the Yukon Fossil Collection, YG 97.3 THg concentration o f 0.036 mg/kg and YG 97.4 THg 
concentration o f 0.073 mg/kg, were outside the maximum THg value that was reported for the Bethel, 
Alaska red foxes at 0.010 mg/kg. The Arctic foxes, from the Yukon Fossil Collection, THg concentrations 
were 0.017 mg/kg for YG 12.49 and 0.025 mg/kg for YG 155.2.
The S13C and S15N stable isotope values in modern red foxes from Bethel, Alaska study (Dainowski et al. 
in Chapter 2) was compared to the Yukon Fossil Collection bones o f red foxes from Yukon, Canada. In 
comparing both red fox collections we see the Yukon red foxes S13C values (Table 3.1) are higher than 
those o f the Bethel, Alaska study. The Arctic foxes, from the Yukon Fossil Collection, S13C values were 
-21.13%o for YG 12.49 and -21.36%o for YG 155.2. The S15N values for the Yukon, Canada red fox 
samples as seen in Table 3.1, are lower than those of the Bethel, Alaska study. The Arctic foxes, from the 
Yukon Fossil Collection, S15N values were 5.59%o for YG 12.49 and 7.22%o for YG 155.2.
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3.5 Discussion
The Yukon Territory fox bone samples from the Yukon Territory Fossil Collection are rare and not well 
documented for this large territory (Figure 3.1). There is no background information about these fox 
bones housed at the Yukon museum in the Department o f Tourism & Culture with the Government of 
Yukon. Were the bones found along the beach? Just sitting on the ground? Any soil samples associated 
with these bones? How were they handled before taken to the museum? How were they stored at the 
museum? How old are the bones? Do different bones, (i.e. femur, tibia, mandible) yield different THg 
concentrations and/or S13C and S15N values? Additionally, there is an unequal number in the Yukon Fossil 
Collection data set (e.g. three red foxes and two Arctic foxes); all five (5) fox bones come from four (4) 
different areas in the Yukon Territory, Canada, as well as no indication o f the sex for these fox bones. 
These many unanswered questions prevent making statistical analyses and assessments. Therefore, we 
can only provide a visual comparison in Figures 2 and 3 and speculate with the caution that we have only 
five samples from four different locations in the Yukon Territory (Table 3.1). We also have made very 
general assessments about THg concentration levels as well as S13C and S15N levels for dietary and 
trophic level estimation from these bones. Overall, Figures 3.2 and 3.3 demonstrate that these five fossil 
samples fall within the expected values reported for the red foxes in the Bethel region o f Alaska 
(Dainowski et al. 2015).
In comparing both red fox collections we see the Yukon red foxes THg concentrations, as seen in Table
3.1, are ten times higher in mercury than the average reported for the Bethel red foxes o f 0.004 mg/kg 
(Dainowski et al. 2015). Two Yukon Territory red foxes, YG 97.3 and YG 97.4, seem to be eating at a 
higher trophic level than their counterparts, the Yukon Territory Arctic foxes. A possible explanation is 
that one red fox in particular, YG 97.4, having 0.073 mg/kg THg concentration, might be obtaining 
mercury from the environment since it was found in Allgold Creek area. Old mining areas in the North 
often leave mercury and other metals behind from their activities (Ben-David et al. 2001). The Yukon 
Territory red fox, YG 97.3, also from Allgold Creek area, and with 0.036 mg/kg THg concentration level, 
also has higher mercury concentrations from the same mining area. Additionally, these two red foxes 
could also be eating trash, from the mining area, which could contain fish, such as canned tuna, an aquatic 
source usually higher in mercury. The Yukon Territory red fox, YG 130.65, as well as both Yukon 
Territory Arctic foxes, YG 12.49 and YG 155.2, seem to be eating a less THg contaminated diet at Quartz 
Creek. Even though Quartz Creek is another mining area in the Yukon Territory, this red fox has the 
lowest THg level (Table 3.1). This lower THg level may be indicative o f this particular bone found before 
the mine was established. In addition, by one red fox having a low THg o f .010 mg/kg at Quartz Creek, in 
contrast to the two red foxes, YG 97.3 and YG 97.4, having higher THg levels at Allgold Creek, we have 
demonstrated that a forensic approach can provide evidence o f THg concentration differences in two 
different localities, yet two similar gold mining areas, in the Yukon Territory o f Canada.
64
One solution to identify any THg uptake in an animals diet is to collect soil samples. Soil samples would 
help identify any toxicants that might be affecting plant life; thus, ultimately affecting the health of 
wildlife that consumes any o f these contaminated plants and/or berries. One would also ask, is the 
increased localized contamination due to industrial activity? Are the wastes from industrialization 
spreading further out in the environment or contained within a specific area? With bones from various 
time frames, and in the same general location, as well as surrounding soil to analyze, it can be shown that 
it is possible to determine if  the environment is changing. This would help to answer the following future 
questions: Are the animals migrating north due to a changing environment? If so, are movement patterns 
o f animals affecting their diet? Does this new diet affect the trophic positions o f the red and Arctic fox?
At Quartz Creek, fox YG 130.65, has a higher S13C stable isotope value (Table 3.1) and in Figure 3.2, it 
clearly shows the S13C stable isotope o f this Quartz Creek red fox is similar in grouping as the Bethel 
Alaska red foxes, tending toward a terrestrial mammal diet, such as voles. In contrast, Figure 3.2 shows 
the S13C values for both the Yukon Territory Arctic foxes and the two Allgold Creek red foxes, YG 97.3 
and YG 97.4, tend toward a salmon migration or aquatic diet.
For S15N values, there is a tendency to have an increase o f 2.00-4.00%o at each trophic level, however, this 
depends on the tissue being examined (Adams and Sterner 2000, Handley et al. 1999, Szpak et al. 2013). 
Bone collagen, because o f its isotopic composition being reflective o f a diet over a lifetime, has a S15N 
enrichment value (between predator and prey) as being around 2.00%o (Bocherens and Drucker 2003). 
Other factors that can influence the S15N composition is the environment and physiological factors of 
animals (e.g. hair growth and muscle fitness) (Adams and Sterner 2000, Fry 2006). For example, in 
moister and cooler ecosystems plants would retain S15N and thus have a lower 14N /15N ratio (Fry 2006, 
Szpak et al. 2013). The S15N indicates that the red foxes from Bethel, Alaska are eating at a lower trophic 
level which could indicate a herbivore influence (Dainowski et al. 2015). The S15N values o f the Yukon 
Territory red and Arctic foxes are in line with a trophic level o f Arctic terrestrial omnivores like wolves 
(McGrew et al. 2013), and may tend toward a slight salmon diet.
The museum sample numbers were very small. However, this provided a good starting point using a 
forensic method to make predictions o f diet and trophic levels during climate changes in the Arctic.
Stable isotope data can explain the mercury levels, which can be influenced by changes in seasonal diet of 
the red fox. The THg study o f the Bethel, Alaska red foxes reported in Dainowski et al. (2015) along with 
the stable isotope data (unpublished data) has shown that as S15N increases so does THg. These isotope 
values of the red fox’s diet items versus the THg concentrations implies that the THg may be coming 
through the mixed lemming/aquatic/avian pathway (likely fish or other fish eating birds) for those foxes 
with the higher mercury contents (Tavares et al. 2008).
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Identifying the trophic positions o f the red and Arctic fox populations allows for risk assessment of 
contaminants that mercury is not a problem now (based upon Bethel, Alaska red fox study) or possibly in 
the past (based upon unknown sources o f contamination in the Yukon Territory bones). But as climate 
change impacts the physical and biological composition o f ecosystems, and/or the migration or interaction 
o f terrestrial species change, the situation might change suggesting continued monitoring o f these species.
3.6 Conclusion
There are only three red foxes and two Arctic foxes in the Yukon Fossil Collection and by no means can 
this be a definitive analysis o f all foxes in the Yukon Territory o f Canada. The samples in this study were 
poorly characterized so only limited interpretation was possible. However, we showed that museum 
specimens are valuable because 1) metals can be detected, 2) bone collagen from fossil bones is preserved 
and thus stable isotopes can be detected and 3) comparisons to extant populations can be determined. 
While limited, this study supports the concept o f red foxes as a useful sentinel species distinguishing 
between climate change in the North and industrial contamination. Forensic approaches can inform 
managers by providing increases in scale in the understanding o f climate impacts on mammalian species.
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3.8 Figures
Figure 3.1: Yukon Territory with Herschel Island. (http://www.virtualmuseum.ca/edu/)
72
Figure 3.2: S13C stable isotope values o f bone collagen as an indication o f diet. Blue colored squares are 
Yukon Territory Arctic foxes. Open large circles are Yukon Territory red foxes. (Small blue diamonds 
represent Bethel red foxes only from unpublished data). Potential food sources data from Hobson et al. 
2000, Neil and Cornwell 1992, Roth et al. 2007, Schmutz and Hobson 1998, Wilkinson et al. 2007).
73
Figure 3.3: S15N stable isotope values o f bone collagen an indication of trophic level. Blue colored 
squares are Yukon Territory Arctic foxes (n=2). Open large circles are Yukon Territory red foxes (n=3). 
Large green triangle with red border represents Bethel red foxes (n=65). Marine and terrestrial trophic 
level data from Hobson et al. 2000, Neil and Cornwell 1992, Roth et al. 2007, Schmutz and Hobson 1998, 
Wilkinson et al. 2007, and Anthropogenic (representing humans eating C4 plants) data from Leconte et al. 
2011.
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3.9 Tables
Table 3.1: Yukon Fossil Collection shows the THg concentrations in milligrams per kilogram (mg/kg) for 
individual samples and stable isotope values for S13C and S15N in parts permil (%o) for individual samples
Identification Species Specimen Type Locality THgConcentration* S13C S15N
YG 12.49 Alopex lagopus right femur Hershel Island 0.017 -21.13 5.59
YG 155.2 Alopex lagopus right mandible Hershel Island Beach 0.025 -21.36 7.22
YG 97.3 Vulpes vulpes right tibia Allgold Creek 0.036 -20.18 6.10
YG 97.4 Vulpes vulpes left femur Allgold Creek 0.073 -20.05 6.66
YG 130.65 Vulpes vulpes right femur Quartz Creek 0.010 -23.12 6.57
* Level o f detection is 0.008 ug/g
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General Conclusions and Future Direction
This dissertation examined how global climate changes can potentially impact the ecosystems o f the red 
foxes o f Bethel Alaska and the red and Arctic foxes of the Yukon Territory in Canada. This sentinel 
species’ research has generated data from total mercury (THg) and stable isotope analysis (S13C and S15N) 
o f bone, hair, muscle, liver, kidney cortex and kidney medulla. In Chapter 1 the bone and hair data was 
used to determine if  they could be predictors for THg concentration levels in the internal soft tissues; that 
is to say, their usefulness as indicators o f contaminants in the wildlife o f the Arctic ecosystem. Chapter 2 
focused on S13C stable isotope data to determine the carbon source o f the diet o f the same red and Arctic 
foxes. The S15N stable isotope data was used for trophic level determination o f these same foxes. In 
Chapter 3, I used archival fossil bone in a forensic study to create a historic baseline for THg 
concentration levels (health) and S13C and S15N values (dietary and trophic levels) in Arctic and red foxes 
from the Yukon Territory in Canada.
Chapter 1 is the first data set reported on red foxes for the state o f Alaska. The results from Chapter 1 
showed that there were no significant differences between male and female red foxes, from Bethel, 
Alaska, for THg concentrations in bone, hair, muscle, kidney cortex, kidney medulla, and liver. This 
suggests that the relationship between soft tissue THg concentrations and hair/bone THg concentrations is 
similar for these male and female foxes.
Hair was found to have a strong correlation with the other tissues. Whereas in this study, bone had a weak 
correlation with other tissues. The hair correlation may be strong enough to be used to predict THg 
concentrations in the kidney cortex (R2 = 0.61) and liver (R2 = 0.63). But, hair THg concentration was 
weakly predictive o f kidney medulla (R2 = 0.50) and muscle (R2 = 0.39) THg concentrations. Bone THg 
concentration had no predictive value for liver (R2 = 0.24), renal cortex (R2 = 0.35), or renal medulla (R2 
= 0.25) THg concentrations. Bone THg concentration is weakly predictive o f muscle (R2 = 0.40) THg 
concentration (Dainowski et al., 2015).
Establishing this data set for these tissues allowed us the ability to compare our study with other studies. 
This study o f the soft tissues revealed that these Alaskan free-ranging red foxes were eating at a higher 
trophic level than free-ranging red foxes from Italy (Corsolini et al., 1999) for both males and females. 
Their study differed from ours in regard to sex and age o f the fox. We did not consider age in our study as 
we had very few foxes older than two. It is known that the body burden o f THg usually increases with 
age. Red foxes from a fox fur farm in Poland (Cybulski et al., 2009) had liver and kidney (whole) THg 
concentrations higher than our Alaska free-ranging red foxes. This would be indicative o f farm fed foxes, 
in which their feed possibly contained fish and or corn products. Free-ranging red foxes from Slovak 
Republic (Piskorova et al., 2003) showed much lower THg concentrations in liver, kidney (whole) and 
muscle, than Bethel Alaska red foxes. In Croatia, for both suburban and rural areas (Bilandzic et al.,
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2 0 1 0 ) ,  t h e  r e d  f o x e s  w e r e  l o w e r  i n  t h e i r  T H g  c o n c e n t r a t i o n s  t h a n  t h e s e  f r e e - r a n g i n g  r e d  f o x e s  i n  A l a s k a .
I n  c o m p a r i n g  b o n e  T H g  c o n c e n t r a t i o n s ,  o u r  A l a s k a  f r e e - r a n g i n g  r e d  f o x e s  w e r e  f o u n d  t o  b e  
a p p r o x i m a t e l y  t h e  s a m e  a s  t h o s e  r e d  f o x  b o n e s  f r o m  P o l a n d  ( L a n o c h a  e t  a l . ,  2 0 1 2 )  a n d  S p a i n  ( M i l l a n  e t  
a l . ,  2 0 0 8 ) .
W e  f o u n d  t h a t  o v e r a l l ,  t h e  W e s t e r n  A l a s k a  r e d  f o x  m e r c u r y  l e v e l s  w e r e  h i g h e r  t h a n  r e p o r t e d  f o r  o t h e r  
r e g i o n s ,  m o s t l y  E u r o p e a n .  T h e  r e s u l t s  f r o m  t h i s  s t u d y  c o n f i r m e d  t h e  p o t e n t i a l  u s e  o f  t r a p p e d  a n i m a l s ,  
s p e c i f i c a l l y  f o x e s ,  a s  u s e f u l  A r c t i c  s e n t i n e l  s p e c i e s  t o  i n f o r m  r e s e a r c h e r s  a b o u t  p a t t e r n s  i n  T H g  
c o n c e n t r a t i o n  l e v e l s  o v e r  t i m e  a s  i n d u s t r i a l i z a t i o n  o f  t h e  A r c t i c  c o n t i n u e s .  A  s t a b l e  i s o t o p e  s t u d y  c o u l d  
s u p p o r t  t h i s  f i n d i n g  o f  A l a s k a n  r e d  f o x e s  e a t i n g  a t  a  h i g h e r  t r o p h i c  l e v e l .  M y  f i n d i n g s  s u g g e s t  t h a t  T H g  
l e v e l s  i n  s p e c i e s  i n  r u r a l  h a b i t a t s  m a y  b e  m o r e  c o m p l i c a t e d  t h a n  o n c e  b e l i e v e d .
C h a p t e r  2  i s  t h e  f i r s t  r e p o r t  o n  t h e  r e d  f o x  s t a b l e  i s o t o p e  r a t i o s  a n d  S 13C  a n d  S 15N  v a l u e s  f r o m  w i l d  f o x e s  
i n  W e s t e r n  A l a s k a .  I n  t h i s  s t u d y  I  d e s c r i b e  t h e  C : N  r a t i o s  i n  m a l e  a n d  f e m a l e  r e d  f o x e s  f r o m  B e t h e l  
A l a s k a ,  e v a l u a t e d  t h e  c a r b o n  a n d  n i t r o g e n  c o r r e l a t i o n s  a n d  r e l a t e d  t h e  w i l d  r e d  f o x  t r o p h i c  l e v e l  t o  
p o t e n t i a l  m e r c u r y  b i o m a g n i f i c a t i o n s  a s  r e p o r t e d  i n  o u r  p r e v i o u s  T H g  s t u d y  ( D a i n o w s k i  e t  a l . ,  2 0 1 5 ) .
T h e  C : N  r a t i o  d e m o n s t r a t e d  w h a t  w a s  e x p e c t e d  f o r  f o x e s  e a t i n g  i n  t e r r e s t r i a l  e n v i r o n m e n t s  ( P o s t  e t  a l . ,  
2 0 0 7 )  a n d  t h e  1 %  d i f f e r e n c e  i n  S 13C  m e a n s  i n d i c a t e d  t h e r e  w a s  l i t t l e  d i f f e r e n c e  b e t w e e n  t h e  v a l u e s  f o r  
l i p i d  e x t r a c t e d  a n d  n o n - l i p i d  e x t r a c t e d  t i s s u e s .  N o  s i g n i f i c a n t  d i f f e r e n c e  w a s  f o u n d  b e t w e e n  m a l e s  a n d  
f e m a l e s  i n  t h e  m e a n s  a n d  s t a n d a r d  d e v i a t i o n s  o f  S 13C  a n d  S 15N  v a l u e s  a n d  C : N  r a t i o s  f o r  a l l  t i s s u e s .
T h e  s t a b l e  i s o t o p e  s i g n a l s  f r o m  h a i r  w e r e  h i g h l y  c o r r e l a t e d  w i t h  t h e  s t a b l e  i s o t o p e  p r o f i l e s  o f  s o m e  t i s s u e s  
i n  t h e  s a m e  p o p u l a t i o n .  B o n e  s h o w e d  a  l o w  t o  n o  c o r r e l a t i o n  w i t h  s o m e  t i s s u e s .  T h i s  f i n d i n g  s u g g e s t s  t h a t  
h a i r  f r o m  t h e  r e d  f o x  c a n  b e  u s e d  a s  a n  i n d i c a t o r  f r o m  a  s e n t i n e l  s p e c i e s  f o r  p r e d i c t i n g  s o m e  i n t e r n a l  
t i s s u e  p r o f i l e s .
T h e  r e d  f o x e s  f r o m  B e t h e l  A l a s k a  w e r e  c o m p a r e d  t o  c a p t i v e  r e d  a n d  A r c t i c  f o x e s  ( R o t h  a n d  H o b s o n ,  
2 0 0 0 ) .  W e  f o u n d  t h a t  t h e  A l a s k a  r e d  f o x e s  d i f f e r e d  i n  t r o p h i c  p o s i t i o n  w i t h  t h e  f a r m e d  r e d  a n d  A r c t i c  
f o x e s  b a s e d  o n  t h e  S 15N  p r o f i l e  d i f f e r e n c e s  w i t h  t h e i r  s e l e c t i o n  o f  p r e y  o r  d i e t .  C a p t i v e  r e d  f o x e s  h a d  a  
h i g h e r  S 15N  v a l u e s  i n  m u s c l e ,  l i v e r  a n d  h a i r ;  w h e r e a s ,  w i l d  r e d  f o x e s  h a d  h i g h e r  S 13C  v a l u e s  i n  m u s c l e ,  
l i v e r  a n d  h a i r .  T h i s  r e s e a r c h  h a s  f o u n d ,  a n d  a l s o  s u p p o r t s  p r e v i o u s  w o r k s  ( P e t e r s o n  a n d  F r y ,  1 9 8 7 ;  R o t h  
a n d  H o b s o n ,  2 0 0 0 ) ,  t h a t  t h e  p e l l e t  d i e t s  o f  c a p t i v e  f o x e s ,  w h i c h  c o n t a i n  c a r b o h y d r a t e  a n d  m a r i n e  
p r o d u c t s ,  r e s u l t  i n  h i g h e r  S 15N  v a l u e s .  T h e  w i l d  r e d  f o x e s  f r o m  A l a s k a  h a v e  a  d i f f e r e n t  d i e t ,  t h e y  f e e d  
m o s t l y  o n  m i c r o t o n e s  ( h e r b i v o r e s  s u c h  a s  l e m m i n g s )  t h a t  h a v e  a  d i e t  o f  C 3 p l a n t s  ( D a i n o w s k i  e t  a l . ,  2 0 1 5 ;  
S a v o r y ,  2 0 1 3 )  a s  w e l l  a s  a  s m a l l  a m o u n t  o f  f i s h ,  f r o g s  a n d  b i r d s  w h e n  l e m m i n g s  a r e  s c a r c e .  T h i s  t h e s i s  
s u p p o r t s  t h a t  o u r  r e d  f o x e s  m e a n  n i t r o g e n  i s o t o p e  r a t i o  w e r e  5 . 2 0 % o f o r  m u s c l e ,  w h i c h  i s  b e t w e e n  t h e  
v a l u e  o f  b r o w n  l e m m i n g s  ( 4 . 7 0 % o)  a n d  t u n d r a  v o l e s  ( 7 . 0 0 % o)  ( D e h n  e t  a l . ,  2 0 0 6 ;  T a r r o u x  e t  a l . ,  2 0 1 0 ) .
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It has been shown that the S15N values for the hair and muscle (3.10%o) of the red foxes from Prudhoe 
Bay, Alaska (Savory et al., 2014) are feeding at a lower trophic level than the Bethel Alaska red foxes. 
This might be due to the proximity o f a human industrial settlement, where the red foxes are feeding on 
anthropogenic foods.
The S13C and S15N stable isotope correlations between hair and other tissues were significant.These 
correlations between tissues gives us answers o f the diet and trophic levels o f wild foxes which can be 
very useful in forensic research.
The S15N stable isotope values helped to explain the THg levels that were found in Chapter 1 study 
(Dainowski et al., 2015). We also found a correlation between THg concentrations and S15N values in the 
hair o f red foxes from Bethel Alaska. This finding shows that as the S15N values increase, so does the 
THg concentration levels. This implies that the THg may be coming through the mixed diet o f lemmings, 
aquatic, and/or avian route o f these red foxes.
Therefore, we conclude from these findings that as climate changes impact the biological and physical 
composition o f ecosystems, the trophic positions will change for free-ranging red foxes. We also conclude 
that trophic position data is a key metric for ecological risk assessments o f THg.
In Chapter 3 we used the data from Chapters 1 and 2 to apply this approach to a forensic study. We 
examined archival museum bone samples (Arctic and red fox) in The Yukon Fossil Collection from the 
Yukon Territory in Canada. We reported total mercury (THg) accumulation and stable isotope (S13C and 
S15N) levels in order to evaluate Yukon Territory fox’s past feeding ecology and trophic levels in order to 
understand their changing environment. This Yukon Territory red fox sample collection was also 
compared to the red fox samples from Bethel, Alaska in Chapter 1 (Dainowski et al., 2015). In this regard 
we were able to initiate a baseline o f information over time.
When Bethel red fox data is compared to the Yukon Territory collection, we see that the Yukon Territory 
red fox THg concentrations are about ten times higher for mercury, on average, than the red foxes from 
Bethel, Alaska. We found two red foxes from the Yukon Territory that had higher THg concentrations than 
the other Yukon Territory red or Arctic foxes, or Bethel red foxes. This may be due to the fact that these 
two particular Yukon Territory red fox bones were both from the Allgold Creek area. These areas are 
known for mining activities, which tend to leave mercury behind in the key stages o f the mining process. 
This mercury in turn seeps into the local environment. Another possible explanation is that Allgold foxes 
were eating garbage which might have contained fish, an aquatic source high in mercury. The third Yukon 
Territory red fox was found to be eating a mammal diet with a C3 plant pathway.
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The THg concentration levels of the Yukon Territory Arctic foxes fell between both the Bethel and Yukon 
red foxes THg concentrations. This indicates these foxes were most likely eating a mixed diet composed 
o f both lemmings and/or voles and an aquatic source high in mercury. Besides coming directly from 
rivers or creeks, an aquatic source o f food, such as fish, THg can also come from anthropogenic food 
waste sources, such as garbage areas.
The S13C stable isotope values for both Arctic foxes, and two red foxes, from the Yukon Territory in 
Canada suggested an aquatic source high in mercury, possibly a salmon migration diet. The third red from 
the Yukon Territory tends toward a terrestrial mammal diet. The S15N stable isotope values supported this 
and confirm that the trophic level o f the Yukon red and Arctic foxes are in line with a trophic level o f an 
omnivore; however, they do tend toward a slight salmon diet. In comparison, the S15N values for red foxes 
from Bethel, Alaska indicates that these foxes are eating at a lower trophic level which could indicate a 
herbivore protein influence (Dainowski et al., 2015).
The findings from this forensic study had many unknown variables, so there are no conclusive answers. 
This is due to the fact that no information existed for these bones; such as, specifically, where were they 
found, age o f bones,condition and storage o f the bones, etc. Also, the sample size was very small, three 
(3) red fox bones, and two (2) Arctic fox bones. This by no means is a representative example o f the 
entire Yukon Territory in Canada. Therefore it is impossible to have definitive answers, and proper 
statistical analysis that would be able to indicate key relationships connecting past populations to current 
day populations. Also, future soil samples would be o f an importance to determine if  any toxicants are in 
the local ecosystem or the result o f long range transport. Finally, these forensic bones need to be tested for 
age in order to establish a correct baseline for THg contaminants; as well as, to determine if  the foxes diet 
and/or trophic levels are changing over time.
However, this study is a good starting point for future forensic analysis o f archival bone. We were able to 
show that museum specimens are valuable because 1) metals can be detected, 2) stable isotopes can be 
detected and 3) comparisons to extant populations can be performed. It is important to continue 
monitoring these species in order to evaluate how climate change is impacting the Arctic environment.
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